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FOREWORD

This report was prepated by Convair Aerospace Division of General Dynamics —
San Diego Operation under Contract NAS1-9793 for the National Aeronautics and Space
Administration, Langley Research Center, Hampton, Virginia, It was administered
under the direction of the Materials Division, Materials Research Branch, with
Mr, D, R, Rumniler goting as the Technical Representative of the Contracting Officer,
The Convair program marnager and principal designer through Phase I and Phase II
was W, E, Black, Mr, Black served as program manager during Phase III until his
resignation, J, W, Baer was appointed program manager for the completion of the
contract; Mr, Baer had previously served as deputy program manager and in program
process development, Other Convair personnel who participated in this program were
R, 8, Wilson (structural analysis), A, M, Roberge {thermodynamics analysis),
R, W, Gilbert {environmental testing), O, H, Moore {acoustic testing), and G, L, Getline
(acoustic fatigue analysis), In addition the subcontract support is acknowledged for .
W. G, Burnett (Burnett Industries -~ TPS component machining), L, J, Robles (Electron
Beam Welding, Inc,, ~ TPS component welding), L, Sama (HiTemCo - coating applica- -
tion), and 8, J, Gerardi (Vac-Hyd Processing Corporation - coating application),

This report covers.the_Phase III performance period from February 1973 to
March 1974,
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1 SUMMARY

This report concludes a three-phase study program to develop and evaluate coated
columblium alloy heat shields for the reentry environment of a Space Shuttle orbiter,
Based on the alloy assessment and sclection of Phase I and the material system and
heat shleld configuration evaluation of Phase II, a full-scale, vehicle-applicable thermal
protection system (TPS) was designed into test hardware,

The conflguration evaluated herein consisted of one primary heat shield thermally
and structurally isolated from the test fixture by eight peripheral guard panels all en-
compassing an area of approximately 12 ft2 (1, 1 m2), The TPS consisted of tee-stiffened
Cb-762/R-512E heat shields, bi-metallic support posts, panél retainers, and .high-
temperature insulation blankets, The vehicle primary structure was simulated by a
titanium skin, frames, and stiffeners,

Standard manufacturing processes were used to fabricate all of the components,
Extensive use was made of electron beam welding which significantly reduced the amount
of raw material required when compared with the similar components of Phase I, The
total system cost, including heat shields, support system, and insulation, was $500/1b
($1101/kg). The unit weight of the test hardware with Fiberfrax H insulation was 4. 88
1b/ft2 (0.21 kg/mz) or 19-percéent under the limit of 6,0 lb/ftz" (0. 26 kg/mz) established
at the beginning of the program. The unit weight could be further reduced for flight-
ready TPS to 4, 72 1b/ft2 (0, 199 kg/m2) when the hardware is sized using the improved
thermal properties of Fiberfrax H insulation over Dyna-Flex, When projected for one
ship set of 24 heat shields and associated components, a cost of $342/1b ($763/kg) is
indicated.

Testing of the nine~panel TPS array consisted of 100 boost acoustic cycles to 158 dB
overall sound pressutre level (OASPL) and 50 reentry thermal cycles to a programmed
2400° F (1689°K) surface temperature at reduced pressures, The specimen successfully
completed 50 pre-thermal and 60 post-thermal acoustic tests without experiencing any
failures attributable to the acoustic pressure loading, After completing 50 thermal
cycles, the test specinen was determined to be in excellent condition with no problems
related to thermal/structural design., Several oxidation sites were evident ant were
réadily fdentifiable, and were repaired, Components such as retaiers, bolts, and
heat shields were removed without difficulty enabling inspection, refurbish.nent, repair
or replacement,

Stmflar to Phase II, the methods of analysis employed proved highly rellable. Cal-
culated margins of safety were verified under acoustic exposure. The teraperature dis-
tribution analysis was accurate and slightly conservative, With an average Heat shield
surface temperature at the oenter of the array of 2408°F (1593°K), the corresponding
titanium skin sustained 526°F (647°K).
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Clearly, major questions of TPS accessability, refurbishability, and durability 1
have been affirmeatively answered during this program, Those problems which did
arlse during the test program were largely desigh, manufacturing and quallty control
omissions, attributed maliy io the emphasis on program cost reduction, Mos® of
these were peculiar to the test specimen and test conditions and have no relationship

to flight hardware,

L,_.A .

- . . LT T, -, L. .
N ) ) : : -y \ i
. . N - v s e nat, - N . N o PEEEELIE P o L 4 " N DY 7 7R - I W PR



2 INTRODUCTION

The economical development of manned systems for outer space depends on the
development of low-cost, lightweight, reliahle systems smployed on reusable reentry
spacecraft, The NASA approach to this development i . to provide vohicles capgble of
carth landings and possessing the aerodynamic maneuvering chdaracteristios of aireradft
and yet able to withstand spacecraft reentry temperatures, . This system has been
designated the Space Shuttle,

The key element in the success of these vehicles is the thermal protection system
(TPS), It must be capable of withstanding the structural static and dynamic loads as
well as dissipating the frictional heat in aerodynamically slowing down the vehicle, One
promising TPS concept from a reliabflity, Inspectability, cost, and reusability ctand-
point utilizes metallic radiative heat shields. It is toward columbium alloys as applied
to heat shields operating in the temperature range of 2000 to 2400°F (1366 to 1589°K)
that this study-has been directed,

The principal objective has been to evaluate coated columbium alloy thermal protec-
tioh systems by a logical sequence of analytical and experimental investigations involving
simulated mission and environmental conditions, These efforts were directed toward the
selection, charactérization, and design of one material system (i, e,, one columbium
alloy with one coating), one heat shield configuration, and one support system with
insulation, Reported herein are the results of the final phage of this three phase study,

Phase I (Reference 1a) was initiated by selecting a model vehicle with an associated
total entvironment from prelaunch to landing, This vehicle and environment would be the
basis for the design conditions, design criteria, and test conditions used throughout the
program, This selection was followed by an experimental and analytical evaluation of
the properties of the material systems as applied to heat shields, Phase I culminated
with the selection of two material systems (Cb-752/R-612E and C-129Y/R-512E) for
futrther application and evaluation in Phase II (Reference 1b),. . .

Phase II consisted of two parts involving two types of panels, Part 1 entailed the
analytical investigation of several heat shield configurations, The two most promising
concepts were selected for subsize panel fabrication and testing, From this was selected
the better parforming of the two material systems (Cb-752/R-512E) for further, larger
scale evaluation, A complete TPS {,e., heat shields, support structure, and insulation)
was then fabricated for each of the two configurations for testing uider hot gas flow and
radiant heat with applied loads at reduced pressures with supplemental acoustic testing,
Also investigated were the forming, machining, and joining methods to be used for the
fabrication of complete thermal protection systems, Based on the total performance of
the two TPS configurations, one concept was selected for full-scale, full-size system
evaluation in Phase III,




Two types of TPS were designed, fabricated, and tested during Phase Iif, One was
désigned for testing in the NASA Langley Research Center Thormal Protection System
Facility (TPSTF), This spocimen is intended to study the effects of hot gas flow on paral-
lel and transverse heat shield joints, Testing of this specimen will be undertaker
independently by NASA after complétion of this program, The second specimen was a
full-scale, nine-panel configuration representative of an orbiter vehicle lower surface.
This specimen was exposed to simulated mission duty cycles consisting of combined
thermal and acoustic testing to verify stiuctural adequady, Phasé III demonstrated the
structural and thermal adequacy and the manufacturability of full-sized, coatéd colum-
bium alloy thermal protection systems and provided data necessary to project the
performance and cost of these systems for Space Shuttle vehicles,
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3 TPS8 DESIGN

No significant changes were made in TPS configuration as a result of the Phasc Il
test serles, Those modifications that wero made primarily were for fabrication cx~
pedicncy. Much more use was made of welding in order to minimize the amount of
material scrap resulting from the extensive machining e*wployed Ir: the small size TPS
fabricdtion,. An exploded assembly view of the heat shield and support system is shewn
in Figure 3-1,

3.1 Nine-Panél Test Specimen

The nine-panel specimen was designed to completely isolate one panel from extra-
ordinary thermal/structural influence of the holding frame. This he.t ~hield az‘.d the two
adjacent transverse panels had nominal dimensions 12, 00 in. (30.48 cm,; by 16. ' s in,
(40,64 cm), All other panels had modifications of the forward or aft fl: 1ges % accom-
modate the holding frame, The total array was 40,90 in. (103.89 cm): . Vi,

(137, 03 cm) by 6,43 in, (16,33 cm). The fu]ly assembled n'1e  uel s xen is
shown in Figure 3-2,

Two views of the holding fixture are shown in Figures 3-3 and 3-4,. The edge
members and clips were formed from cobalt base alloy (HS~188) sheet stock, Simu-
lating the primdry structure were titanium alloy (Ti-6Al-4V) skin and stringers, and
unalloyed titaniun frame members, Standard aerospace assembly methods wore used
on this fixture,

The support posts separating the heat shields fruom the primary structure were
designed such that the maximum temperature of the cobalt alloy, HS-25 (L-605), lower
post was to be 2000° F (1366°K), These posts were internally fitted with discs of blanket
insr'ation to minimize radiant heat transfer, The upper posts werée of Cb-752 attached
to the lower posts by two dispetsion strengthened nickel-20% chromium alloy (TD-NiCr)
screws. The heat shields are assenbléd in a shingled manner in the fore and aft direc~
tions, A panel i8 fixed to a center support post at'a point at the center of trailing edge
and permitied to expdnd in the forward direction, Tho center retainer is attached to -
the posts by a TD NiCr bolt, Tee-membe¢r longitudinal edge retainers restrict air pas-
sage and permit free expunsion of the heat shields and are attached to the corner posts
by & TD NICr bolt,. A Cb~7562 plug is inserted into each of the six posts and threaded
onto the TD NiCr bolt, All of the TD NiCr fasteners were coated with a proprietary
aluminide to minimize any potential reaction with the R-512E silicide coating (8i-20C-
20Fe) of the Cb-762, The system Is insulated with 16 layers of nominal 0, 25~inch
(0,64 cm) thick Fiberfrax H blanket insulation located between the outer heat shield
and the skin of the primary structure, The assembly drawing of the nine-panel array
(76C0104) and the major componcit detall drawings (76C0103, 76C0105, 76C0106, and
76C0108) arc shown i Figures 3-b, 3-6, 3-7, 3-8, and 3-9,
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3,2 TPSTF Specimen

A specimen employing the same basic TPS structure was designed to investigate the
effects of hypersonic flow in the NASA LaRC Thermal Protection System Test Facility.
The overall specimen size is 24 by 36 by 6, 6 inches (61 by, 91 by 17 cm), The holding
fixture was fabricated from HS-188 sheet, The simulated vehicle primary structure
consisting of skin, frames, and stringers was fabricated from titanium, Two views of
this structure are shown in Figures 3-10 and 3-11, Figure 3-10 shows the structure with
the lower TPS support posts {HS-25) installed and ready for insulation installation, The
specimen consists of three heat shields, one of which is completely isolated as the
central test panel as shown in Figure 3-12 (76C0109), Adjacent to the heat shields in
the transverse direction arve auxiliary panels (76C0110) to separate the main heat shields
from the holding fixture., The details of these edge panels are shown in Figure 3-13,
The completely assembled TPSTF test specimen i8 shown in Figure 3-14,

3,3 Design Changes - Phase II to Phase III

Modifications were made in full-scale hardware designs from those tested in Phase
II to improve fabrication efficiency and to reduce materisl costs. Extensive use was
made of electron beam welding to reduce weight and materidl costs and to minimize
machining operations, Both the total system cost and unit weight were reduced in the
final full-size design, resulting in a net cost/weight saving of approximately 4-percent,
with material costs xeduced 70-percent and fabrication costs 21-percent, Material
changes were made in the lowér température regime, with the bottom portion of the two-
section support posts being changed to HS-25 (L-605), a cobalt base alloy suitable for
gervice to 2000°F (1366°K). The aluminum silicate plus chromia fiberous insulation
(Dyna~-Flex) was replaced with Fiberfrax H insulation with a density of only. 6, 0 pef
(96 Kg‘/m3). This material i8 composed of aluminum silicate fibers and does not re~
quire a bakeout to remove undesirable binders,
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Figure 3-10. View of TPSTF Array Holding Fixture (137104)
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Tables 3-1 and 3-2 define the most significant changes made to standard thermal
protection system hardware as a result of Phase II testing and post test evaludtions,
The majority of the changes were made to improve manufacturing and material efficien-
cies, These are discussed in Section 4, Fabrication, A number of changes were made
to expedite and to reduce the costs of Phase ITI, some for Phase IIl economy and expe-
diency but with engineering implications, and others were for improved structural or

functional design.

Typical of design changes made to expedite and to reduce the costs of Phase III,
was the standardization of material thickness for the flanges on tenter and panel edge
retainers .and on the upper support posts,. and for the cap and stiffener of the tee re~. ...
tainers, All tapering of edges of protruding surface hardware was eliminated for
Phase III as unmecessary for test hardware. Rectangular, similarly-sized flanges
were used for economy-throughout Phase I, It is recognized that with flight hardware
and quantity production, weights, air flow and geometry can become critical.and de~.
signs would be modified as required.

Changes having engineering implications but made primarily for Phase III economy
and expediency are exemplified by the material changes to lower support post parts, For
Phase III, the TD NiCr bar material used for Phass I was unavailable and a substitute
was required., HS-188.was selected but its availability and cost directed the changeto
a two-piece, brazed assembly with a2 HS-188 flange and a HS-25 (L.605) post.

Another example was the redesign of the upper center support posts using non-
integral keying lugs oh the top surface, Heretofore fillet welding for coated columbium
hardware was not considered because of problems with weld quality, entrapped air,
consequences of failure, For the upper center post of Phase I, it was judged satis-
factory to fillet weld with the electron beam process which produces the highest quality
weld and without entrapped dir, The probability of weld or coating failure or of the part
failing as the result of fillet welding dyring the life of the tests were considered to be
extremely remote,

Certain other changes to Phase II designs were made for Phase III hardware;
changes required to improve the thermal-structural design, to rectify enginéering over-
sights, or to improve the functional aspects of the hardware, Changes to the post
retainer bolt, the retainer post and the post filler plug are examples,

The thread size of the retainer bolt was increased to 1/4-28 in order to reduce the
fastener stresses and to improve the reliability of these fasteriers when carrying
primary loads, The integral washer was incregsed in diameter to improve the bedring
of the fastener on the retaiher post and to reduce the bending stress in the fastener,
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It thickness was increased to reinforce the bottom of the hexagon drive sockeét and to
permit 1i to act as a hoop stiffener for the socket, To minimize the problem of the
fastener snlitting when being removed, the depth of the hexagonal socket was increased ...

for Phase III retainer bolts,

The increase in diameter of the washer on the retainer bolt required an increase
in diameter of the retainer post, At the same time the wall thickness was reduced by
0,003 inch (0,076 mm) and a reinforcing shoulder was added at the top for increased
strength, The latter changes were made to reduce the thermal path through the retainer

post and to rectify a drafting error of Phase II,

Similarly the diameter of the head of the post filler plug was increased to ac.om-
modate the larger hole in the retainer post and the wall thickness was reduced 0, 015-
inch (0,38 mm) to reduce the thermal path, The depth of the hexagonal drive socket
was increased to afford a better-grip for the removal tool during disassembly,

The.outlined changes in the panels in Table 3-2 were all made for économies in-
manufacturing and in materials and had no significant engineering implications.,

The change made in insulating material from Phase II to Phase III had little impact
on cost or fabricability, but did have cngineering implications in that it cffected the
performance and weight of the TPS, Fiberfrax H blanket insulation (a product of the
Carborundum Co,) replaced Dyna-Flex (a product of Johns-Manville), This change
was made in an effort to increase the system thermal efficiency, reduce the unit weight,
increase the ease of handling after exposure, and to, evaluate an insulation material

without a.binder,

It had been noted previously when conducting thermal tests in a chamber heated by
quartz lamps that a specimen containing an insulation with a binder required outgassing
prior to insertion into the chamber, The consequences of not outgassing were excessive

smoke and deposits on the quartz heating.lamps or tubes.

The initial selection of Fiberfrax H was based on the work of T, A, Hughes
(Reference 2) who determined that the material provided "excellent performance"
under a simulated space shuttle environment, Subsequent investigations at Convair
confirmed that the insulation had an acceptable dimensional stability and retained its
flexibility after 100 hours at 2400°F (1689° K). The samples evaluated indicated that
Fiberfrax H was approximately 33-percent more thermally efficient at 2400°F (1589°K)
than Dyna-Flex on the basis of the conductivity-density product (kp). Finally, the use of
Fiberirax H at a nominal density of 6 b/£t3 (96 kg/m3) would enable a sighificant
reduction in system weight;
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4 FABRICATION OF TPS IIARDWARE_

4,1 General

The fabrication of test hardware for the metallic thermal protection system employed |
standard manufacturing processes and techniques and included machining, electrical ... .
discharge metal removal, electron beamn welding, brazing, vacuum hedt treating and
creep flattening, and standard sheet metal processing, Only the use of columbiun
alloys and the oxidation resistant coatings might be considered as unconventional,

When considering the design of hardware for Phase IIl of this program, it became
evident from a review. of Phase.ll fabrication that substantial savings could be éffected
through better material usc and improved fabrication processing. The efficiency and
effectiveness of electron beam walding for heat shield hardware had been clearly demon-
strated during Phase II. This process had permitted the. joining of finished machined :
parts without the usual problems of distortion normally associateéd with fusion welding, -

Therefore, each detail, element, subassembly, and assembly for the Phase III hard-
ware was evaluated, As a result, each item of hardware for the Phase Il TPS was
redesigned for improved material costs or availability, or to reduce the manufacturing
costs. Material costs were.considerably reduced by employing built-up welded sections ]
for post or tube to flange assemblies, and for long, thin tee members which previously
were machined from solid bar,

Examples of this are shown in Figure 4-1 with arrows denoting electron béeam welds, .
This figuie shows a center retainer and two styles of upper support posts, all of which
were previously machined from solid bar, and a longitudinal edge retainer assembly-
previously made of two parts machined from solid bar and joined by welding, Each post
or tubé shown i8 a completely machirned item joined by électron beam.welding to a partial-
ly or completely machined flange, One support post has two rectangular keys which were
circumferentially welded by electron beam after all machining was completed. The panel
edge retainer shown is fabricated of two subassemblies, The tube and flange asserrbly
consisting of completely machined detalls welded by-the electron beam. and a tee member
made.of 4 cap and a stiffener, both of which were completely- edge-finished or edge radi-
used and joined by a linear, burn-through electron beam weld, The two subassemblies
are joined with a short linear, burn~through tee weld between the flange and the stiffener
and a transverse butt weld between the cap and the flange.

e .

Extenslve material cost reductions resulted from the redesign of the panel edge beam,
These béams were originally machined from a singlo size of solid bar, As redesigned to
a built-up membet, it consisted of a rough-machined 1-séction, interchangeable for all
panel bedans, and g thin flange,tdllored to the desired width before electron beam welding
to the I-section, This construction is detailed in Figure 3-8,
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Another high cost area examined involved the edge finishing or radiusing of corners
and edges of all colunibium alloy hardware to permit efficient silicide coating, Wherever
possible, the radiusing operation was done during detail machining, or by vibratory mech-
anical finishing equipment rather than by hand radiusing in assombly as in Phase I, In
this way, parts are welded into final assembliés requiring little or no hand radiusing, On
the heat shields, the edges of all twélve rib cap members were finish machined and mech-
anically radiused before welding.

One other reduction in hand radiusing on the panels was accomplished on the inboard
edgeés of the closeout beams which had béen step-machined to receive the rib caps for
welding, The removal of this machined step and the radiusing of the edge after welding
was required on the-beam edges between each beam to cap weld, For Phase Il panels,
the step removal and radiusing was accomplished by utilizing the versatile electron-
beam to melt-down the step and to bulb and radius the edge.

4.2 Materials

The materials used in the fabrication of the TPS test hardware were: (1) columbjum
alloy Cb=752 for the heat shield and guard panels, panel retainers, the upper support posts,
and plugs; ' (2) the dispersion strengthened nickel alloy, TD NiCr, for the threaded fasten-
ers; (3) cobalt base alloys HS-26 (L-605) and HS-188 for the lower half of the support
posts; (4) oxidation resistant coatings for columbiwn and for TD NiCr; (5) high temper-
ature fibrous insulation blankets,

4,2.1 Metals. - The columbium alloy used was Cb-752 (Cb-10W-2,5 Zr) produced by
Wah Chang Albany Corporation, Albany, Oregon and furnished in the fully recrystallized
condition, Typical chemical compositions taken from supplier certifications are present-
ed in Table 4-1,

TD NiCr was supplied from NASA Contract NAS1-11654 from material produced by
Fansteel under NASA Contrast NAS3-13490, The chemical analysis of this material is
given in Table 4~2,

Both HS-26.(L-605) and HS-188 are commercially available cobalt base alloys produc-
ed by the Stellite Division of Cabot Corporation, Kokomo, Indiana, Typical chemistries of
these alloys are given in Table 4-3,

4.2.2 Coatings - Coatings used were a sflicide coating for the Cb-752 and an aluminide
coating for the TD NiCr, The columbium coating was R~512E, a St-20% Cr-20% Fe fused
silicide coating applied by HiTemCo, This coating was applied to columbjum hardware
following chemical or mechanical cleaning, Chemical cleaning was accomplished in a

36
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Table 4-1. Chemical Analysis of Phase Il TPS Columbium Alloy Ch-752
Heat Treat Condition: Fully Recrystallized

Form: Sheet. _Bar, and Rod

Ingot Analysis - Percent by Weight

Heat
J7043

10,2/10.2
2.5/2.6

Balance

<20 ppm
60/< 40
<10

<20

<40

< 50

<5
790/770.
<20

<20
800/300
45/217

<20

70/< 50
<50

<10
4000/36800

160/100 ppm

Heat
77049

9.6/9.4
2,6/2.5 .

Balance ... ...

40/50  ppm

<5
<500

70/60

80/100

4000/4000 ppm .

Heat
17089

9.3/9.5
2.4/2.5

Balance

40/300 ppm .-

<5
< 500

60/60

140/100

4100/4600 ppm.



Table 4-2., Typical Chemical Analysis of !
TD NiCr for Phase Il! Fastenors : ‘

Alloy: Ni-20Cr-2Tho,

Heat Treat Condition: Partial Stress Relief (see note) |
Form: Rod |
Heat Number: 3844 l

Source: .Fansteel Inc,, Metals Division
NASA-Lewis Contract NAS3-13490
NASA-Lengley Contract NAS1-11654

4 e —

Chemical Analysis - Percent by Weight

Carbon: 0.010 |
Sulphur: 0.0081 ‘
Chromium: 19,79 i
Thoria (Tho 2)'. 1.42

Nickel: Balance

Note: Additonal Stress Relief accomplished during
coating @ 2000°F (1366°K) for 1 hour.
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Table 4-3, Typical Chemical Composition
Cobalt Base Alloys for Phase III,

Heat Treat Condition: Annealed
Form: Sheet and Bar

Element.

La

Chemical. Composition ~ Percent by Weight

HS-25
Heat
1860~2-1218

19,70
14,55
2.15
0.09
0.10
Balance
10,30
1.40
0.019.
0,007-

HS-188
Heat

1880-2-1611

22,50
"~ 14,50
1,90
0.09
0.35
--Balance
21,40
0.76
0.010
0,008
0.071

HS-188

Heat

1880-2-1617

22,40
13,94
1,53
0.09
0.31
Balance
22,40
0.73
0.011
0.007
0.058

et
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HNOs-HF acid solution, and mechanical cleaning was by grit blasting with iron particles,
The coating slurry was applied by dipping and spraying with all edges overcoated or bead-
ed using a miniature striping roller, Spray overcoating was employed on edges when the
geometry of a part prevented using the striping roller. After coating application, the
parts were air dried at room temperature, followed by insertion into a high temperature
vacuum furnace where theéy were baked at a low temperature, 400 to 600°F (478 to 589°K)
to remove the coating binder and othér volatiles. The furnace temperature was then
increased to 2600° F (1700° K) where the coating fused .and flowed evenly over all surfaces
of the parts, This %emperature was held for 60 minutes.under a vacuum of less than one
micron (133 mN/m®) and the parts were thén furnace cooled to.room tempe e, The
thickness of the unfired or "green' coating was specified to be 20 to 25 mg/ecm”, which
resulted in a fused coating thickness of 0,003 (0,076 mm) to 0,004 inch (0.102 mm),

All TD NiCr fasteners were coated with an aluminide to increase oxidation resistance
and as a protective measure to.avoid-any incompatibility between the TD NiCr and the
silicide coatings on the columbium, This coating is a Vac Hyd proprietary aluminide,
VH-28 (Cr-Co-Al-Y),

4,2.3 Insulation - The high temperature insulating blanket material selected for use
between the metallic heat shields and the primaty load-carrying structure was Fiberfrax
H, This mateérial is a product of the Carborundum Company of Niagara Falls, New York,
It is composed of alumina silicate (62% AlgOg ~ 38% SiO,) fibers having a fiber diameter
range of 2 to 4 microns (2 to 4 um), a fiber length up to 0,5 inch (12,7 mm), and 4 melting
temperature above 3500°F (2200°K). The material was ordered in an nominal thickness of
0.25 inch {0, 64 cm) and a nominal density of 6 lb/ft3 (96 kg/m3). The material received
had an average thickness of 0,33 inch (0.84 cm) and a calculated density of 5, 71 lb/ft3
(91,4 kg/m"), This was compressed during insiallation to a density of 7,1 1b/£t3
(113, 7 kg/m9),

4.3 Test Hardware

The test hardware for Phase II involved tee-stiffened heat shields, edge retainers and
hold-downs, insulation, and suppoxts for one nine-panel test array and for the TPSTF array,
Each panel was approximately 12 inches (30,5 cm) wide by 16 inches (40.6 cm) long, The
depth of the complete TPS including the high temperature fibrous insulation and panel sup-
port posts was 4.4 inches (11,2 cm).

Figures 4-2 and 4-3 show one of the completed tee-stiffened heat shields ready for
test. These panels were completely assémbled by electron beam welding, each panel con-

taining over 33 feet (10.1 m) of weld applied without straightening or intermediate heat
treating: of the panel,
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The panel skin, ribs and rib cap strips were first ¢leaned and then assembled into weld
tooling for electron beam walding, The hard-chrome plated copper tooling shown in
Figures 4-4 and 4~5 was designed to permit the completion of all the burn-through e
longitudinal tee welds on both panel faccs without removing the assembly from the
tooling, The maximum distortion resulting from this welding was 0, 050 inch (0, 127 cm)
in the panel long dimension. Transverse distortionwas negligible. The panel subas-
semblies composed of the skin, rib caps, and ribs were subsequently machined to re-
ceive the end closure beams for welding,

Closeout electron beam welding joined the machihed panel subassembly to the complete-
ly machined closure beams, This consisted of an additional 4 feet (1.2 m) of step-butt weld
joining the panel skin and the rib caps to. the beams and 24 burn-down tee slot welds inter-
connecting the ribs and the beam webs. For the welding of the panel skin and rib caps to
the closure beams, the assembly was placed in weld tooling which held the skin and caps in
contact with the machined step of the beam flangé during the electron beam welding on each
side and on the ends of the panel, No interior-tooling was necessary and no weld tooling -

was needed for the tee slot welds,

Following the completion of structural welding, the panel was positioned approximate-
ly 45° to the axis of the welding beam and the unwelded, machined step on the inboard edges
of the closure beams were fused round and smooth, removing the machined surfaces and
eliminating the need for edge radiusing for coating.

Details of the step-butt welds and the tee slot welds for joining the panel skin, rib.caps
and rib to the closure beam can be seen in Figure 4-6. The same joint, closed for weld-
ing, can be seen in Figure4-7,

This approach to panel welding with the electron beam process was possible since:
(1) the parts and subassemblies werc designed to be self-locating, (2) the welding equip~
ment could be preeisely regulated, (3) the operator was able to observe, manipulate, and
control the welding beam during all welding,

The post~to~flange and tube-to-flange wéldments shown in Figure 4-1 were joined with
the aid of simple positioning tools. In these cases, the weld joints were square butt joints
with the cylindrical part penctrating through the flange, The welds were made from the
flange stde to approximately 90% penetration, and the weld completed with the parts rotat-
ed while in the inverted position,

The tee member of the longitudinal edge retainer was made with a burn-through. weld
joining the-cap to-the stiffener, The part was ther annealed and straightened and its end
machined for the-square butt weld and the short burn<hrough weld joining the eap and stiff-
ener to the flange of thé tube and flange weldment,
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Figure 4-4, Welding Fixture for Tee-Stiffened Heat
Shield Panel.~ Cap to Rib Weld .(137277)

Figure 4-5, Welding Fixtuve for Tee-Stiffened Heat
Shield Panel ~ Skin to Rib Weld (137278)
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| . 4,4 Fabrication Scquence

Typical fairication flow charts for each of the major clements of the TPS arc shown in
Figures 4-8 through 4-12, Each item of illustrated hardware except for the lower post -
was made of welded columbiumh alloy, The lower post assembly had an HS-25 {L.-608)
body and an Hf=188 flange joined by brazing, In all cases, the hardware fabrication util- !

== ized standard nerospace fabrication processes, The preparation for coating of the refrac- ;
tory metal cousisted of rounding or radiusing edges and corners eithér manually or by {
vibratory finishing, This prepared the edges and cornérs with the best condition for the i
application of the silicide coating, In general, a radius of 0,015 inches (0,038 cm) was |
specified for all columbium alloy components, This task was generally performed before 4
the weld assembly where the task could be accomplished during machining operations,or . ]
performec in the vibratory finisher, Edge preparation after weld assembly and/or mach-
ining was done either manuslly or by a combination.of manual and mechanical means,

g One coated panel with associated coated columbium retainers and support posts and
D NiCr fasteners is shown in Figure 4-13.

4,4.1 Welding, Electron beam welding was used. extensively for the fabrication of
Phase I hardware, The decision to use this process was based upon its demonstrated
reliability and the experience and confidence developed during the Phase I fabrication

and testing.

Electron beam welding involved several types of welds: (1) burn-through tee welds
between the panel skin end rib caps attaching the ribs, and between.the edge retainer tee
caps and stiffeners, (2) step-butt welds between the panel skin and rib caps attaching the

" closure beams, (3) burn-down, tee slot welds between the ribs and béam webs, (4)

squaré-butt welds used on all tube or post to flange joints, on all closure beam subassem-

blies joining a rough machined beam section to either a wide or a narrow flange, and the

final assembly weld for the teé edge retainers, and- (3) fillet welds joining the two panel
locator keys to.the flange of the center retainer posts.

Abutting edges of all weld joints wero prepared by machining for.the close fit required
provided by the base

by electron beam welding, No filler material was.applied except as
material in the joint design. Prior to welding, parts were alkaline cleaned and chemic-

ally etched using standard columbium cleaning procedures.

5
o

All welds required 100% joint fusion with full penetration and fillet formation and con~
formanée with specification MIL-W-46132,. Welds were made using chrome-plated copper

and aluminum hard tooling. Chromium was applied to copper tooling to prevent con-
tamination of the columbium during welding and -assembly operations. As further insur-
anice against containination, all welded parts were acid etclied to remove residual copper

prior to each heating or welding operation.
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Figure 4~13, Tee-Stiffened TPS Components Prior to Testing (137103)
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4.4.2 Hept Treatment, - Formed and welded parts were simultancously annealed and
oreep straightened or flattened to assure stress-free and properly fitting parts, This
opggation was perform,gd at 2600° F (1644°K) for one hour in a vacuum of at least 2,5 x
10 = torr (3,33 niN/m®), Intermediate annealing and flattening of rough beam weldments
were done at 2600° F (1700°K), Parts were loaded with refractory metal weights during
annealing to effect the creep straightening, All welded parts were vacuum annealed at
the completion of all operations to assure stable parts during coating,

4.4.3 Brazing, - The only brazing performed In Phaso III was [n the fabrication of
the cobalt base alloy lower support posts, Here the flange of HS-188 was brazed to a
HS-25 cylindrical post using General Electric alloy J8100 (1081{~19Cr=-3Fe-0, f§ Mn-0, 5
Co=0, 15C~Bal Ni), Brazing was accomplished at 2150° F (1460°K) in a vacuum of 1 x
10~4 torr (1, 33 mN/m2) using white Nicrobraze stop-off material, The parts were
cooled in the turnace to 1800°F (1166°K) followed by an argon back-fill and cooling to
room teniperature, . ce e .. .
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5. SYSTEM WEIGHTS AND COST

6 .1. System Weights

A breakdown of the TPS compunent weights before and after coating, is presented in
Table 5-1, In computing the unit weight the system is designated to be shared between
adjacent components fore and aft, at the sides, and at the corners, Therefore, a unit is
comprised of onie each of a heat shield, side retainer, support post set, centér retainer,
two plugs, and two bolts plus four TD NiCr-screws, The resulting unit weight of the
metallic: components before coating was 2, 47 1b/ft2 (0. 105 kg/m2), After coating the
anit welght increased to 2, 66 1b/f2 (0, 113 kg/m2). Using 7. 1 pef (113, 7 kg/m3) den-
sity Fiberfrax H, the insulation unit weight was 2, 22 1b/ft2'(0, 093 kg/m2), This re-
sulted ia a total system unit weight of 4, 88 1b/ft2 (0, 206 kg/m?2) in the as-coated con-
dition, This compares to 5, 75 1b/ft2 (0, 243 kg/m2) for the system fabricated during
Phase II and represents a unit weight reduction of 15-percent (Reference 1b), See
Section 6, 7.2 for additional comments,

. Although some efforts were made to reduce individual component weights as a result
of the Phase II fabrication and testing, an extensive optimization sizing was not under-

taken, The major reduction in weight was achiéved by selecting a lower density fibrous

insulatic., i.e., 6 pcf (96 kg/m>) compressed to 7.1 pef (113.7 kg/m”) Fiberfrax H
instead of 10 pef (160 kg/m3) Dyna-Flex (see Section 4, 3. 3),

5.2 System Cost

The cost data presented herein is based on the actual fabrication costs for construct-
ing components for the nine-panel array and the NASA TPSTF specimen, The.data base,
therefore, consisted of a total of sixteen heat shields including spares, This represents
an area of approximadtely 21,3 2 @ m2) or approximately two-thirds of the estimated
applicable area of the baseline vehicle, The costs include raw material, machining,
forming, finishing, joining, and coating,

The cost of the components {including heat shield, support systéem, and insulation)
was $500,02/1b ($1101,36/kg), This compares with the $518,21/1b ($1141,43/kg) cost
for the tee-stiffened TPS components fabricated during Phase II, Both the total system
cost and unit weight were reduced during Phase HiI resulting in a het cost/weight saving
of approximately 4 percent,

These reductions were made possible by attackingthe highest cost and un¢ontrollable
itém encountered during Phase 1I, that is, the raw material, As shown in Table 5-2 the
percent of mate:*al ¢o . was reduced by 70 percent, This was acconiplished by increas-
ing the man-related functions such s machining and welding, It should be noted that
while the table indicates significant percentage increases in fabrication process items
the overall cost in terms of dollars per square féot was reduced by 21 percent,
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Table 5-1, TPS Components Welght Breakdown

64

: Weight, Grams
3 Component Alloy Before Coating After Coating
Heut Shield Cb-~7582 1086.5 1190,7
- Retainer, Side Cb-752 96.8 100.4
Post, Center,. Upper | Cb-752 103.6 106, 8
E Post, Corner, TTupes Cb-752 72.3 74.6
= Retainer, Center Ch=752 54.5 66,7
=
| Post, Lower HS-25(L-605) 64.5 64,5
Bolt TD NiCr 4.6 4.7
Screw . TD NiCr 0.9 1.0
f * No coating required.
e
Table 6-2. Fabrication Process. Percentage Cost Breakdovn
- Percent of Total Cost
Phase Il Phase I
Material 10.3 34,2
Machining 41.2 31.1 -
Forming/Finishing 7.8 5.8
Welding 15.1 11.3
Coating 25.4 17.4
Brazing 0.2 0.2

Y




In accordance with the procedure established during Phase II, the individual compon-
ents cost data has been compiled into an nth unit format and the costs projected for five
orbiter vehicles plus spares, This information is shown in Table 5-3.

The assumptions were: that 24 heat shield units would be required per vehicle; the
current actual costs were baseline; there would be no reduction in per pound material
cost; and there would be approximately an 89-percent composite learning factor applied
to all fabrication parameters, The composite was based on the assumptions that learn-
ing factors were 100-percent for matérial; 90-percent for machining, joining, and coating;
and 85-percent for forming and finishing, The cumulative average cost for n units is
shown in Figure 5-1, In addition to the. Phase III components cost projections, those
generated during Phase II (Reference 1b) are also shown for comparison, The varisa-
tion in the curves is due to the initial cost since the same learning curve factors at an

89-percent slope were applied,

In interpreting the data in Table 5-3 and Figure 5-1 it can be seen that for one ship
set.of 24 heat shields, components and insulation covering an area of 32 ft2 3 mz) the
cumulative cost would be $49, 870, This relates to approximately $342/1b ($763/kg).
Similarly, for five ship sets of 120 heat shields_and componénts the cumulative cost

would be $193, 520 or $265/1b ($584/kg).
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¢ TESTING

The objective of the Pliase III testing program was t6 functionally test full-scale,
vehicle-sized, thermal protection system test specimens consisting of heat shield panels,
panel retainers and supports, close-outs, and insulation, and to evaluate the effects on
the system of simulated shuttle orbiter missions, Two test specimens and two test
facilities were planned for use, A three-panel test specimen was prepared for testing in
the NASA Langley Research Center Thermal Protection.System Test Facility (TPSTF),
and a nine-panel test specimen for testing by Convair, The TPSTF specimen would be
used to investigate the effects of hypersonic hot gas flow on heat shield panels and on
parallel and transverse heat shield joints, and on the complete TPS., Reécommended test
conditions for the TPSTF are given in Appendix C,

The test.conditions for the nine-panel array were 50 cycles of simulated flight
environment with boost and reentry times, temperatures, pressure loads, oxygen partial
pressures and 100 cycles of acoustics pressure, Since the maximum acoustic excitation
and associated potential damage-occur during boost and without temperature considers-
tions, testing was planned to be accomplished in three steps, First the specimen was to
be acoustically tested at room temperature through 50 simulated boost cycles of noise,
followed.by 50 simulated flight cycles of temperature and load, Finally, the specimen
was to be exposedto 50 simulated boost cycles of noise at room temperature, This repre-
sents a conservative approach with the specimen repeatedly acoustically loaded to
maximum levels, after having sustained the full term effects (50 cycles) of thermal
cycles).

6.1 Test Specimens

Two full-size thermal protection systems representing a portion of the shuttle
orbiter underbody heat shield were desighed for testing based upon the evaluation of the
results of Phase II, The designs satisfied vehicle requirements for location, loading
and frame spacing,

One specimen, to be tested at Convair, consisted of a rectangular array of nine tee-
stiffened heat shield panels (three panels long by three patiels wide) with ten panel support
posts, six fixed-point panel center retainers, six panel edge retainers and high tempera-
ture insulation, all.mounted on a simulated vehicle load structure with titantum skin,
frames and stringers, A water-codled tést specimen support frame enclosed the nine
panels and supported the load structure, The nine-panel arrangement permitted the
complete isolation of the center panel, affording freedom from the test frame edge cffects,
It also allowed the inclusion and testing of a variety of panel edge restraints which are
normal to flight hardware, The nine-panel test specimen, shown in Figure 6-1 was fabri-
cated to Convair Drawing 76C0104, Figure 3-5,
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Panel TPS Test Specimen Ready for Test (137400)

Figure €-1, Nine-
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A second test specimen was fabricated for testing in hypersonic hot gas flow in the
NASA Langley TPSTF, This specimen possessed three, full-size, tee-stiffened heat
shield panels mounted in line with the hot gas flow, and six adjacent narrow side panels
with six panel support posts, two fixed-point panel center retainers, six panel edge
retainers and high temperature insulation, These were all mounted on a simulated load
structure with titanium skin, frames, and stringers, A HS-188 high temperature alloy
test fixture supported the test hardware and the simulated load structure, This test
specimen, with its isolated center pane¢l, permits.investigation of hypersonic hot gas
flow on the TPS, panels, panel joints and panel retainers, The TPSTF test specimen
shown .assembled in Figure 6-2 was fabricated to Convair Drawing 76C0109, Figure 3-12,

6.2 Test Facilities and Procedures

The Phase III thermal protection system nine-panel test specimen was tested in
facilities at Convair developed to subject the system to a series of repeated orbiter
missions of simulated flight conditions and environment, The TPSTF test specimen will
be tested at NASA,

6.2.1 Acoustics, — Acoustiz testing of the nine-panel test specimen was perform-
ed in a 128 cubic foot (3, 62 m3) reverberation chamber with the test array mounted
vertically in the wall, with apparent air flow going from the top of the specimen toward
the bottom, The Specimen was supported from the réar and was vibration-isolated from
the acoustic chamber structure, It was mounted so that'only the external surface of the
columbium alloy heat shields. were subjected to direct acoustic excitatien. The center
of the array was instrumented with nine miniature accelerometers to record the response
of the panel and panel retainers to the acoustic flight environment, Figure 6-3 shows
the acoustic test facility with the test speeimen mounted in place, Note the horn project-
ing from the chamber on the side opposite to the test specimen. In Figure 6-4 is seen
the- complete nine panel test specimen mounted in the wall of the acoustic chamber with
accelerometers and monitoring microphone positioned for test,

Prior to-installation of the test specimen in the reverberation chamber, the center
of the test array was instrumented with nine miniature accelerometers, Endevco Model
22228, bonded to aluminized Mylar tape and mounted to the face of the panel and retain-
ers with Eastman 910 adhesive, Figure 6-5 shows the locating dimensions for instru-
mentation, Accelerometer number 5A was moved ic position 5B after Cycle 50. During
the modal survey, a tenth accelerometer was located for reference on the eenter line of
the frame of the fixture and normal to the heat shield sucfaces, This accelerometer was
located as showil in Figure 6-5 for acoustic Cycle 61 through Cycle 100, The microphone
for measuring the acoustic environment was located 18-iriches (45. 7 cm) in front of the
center of the test specimen,
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0.5

Figure 6-5, Accelerometer Locations
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Before hoost simulation testing was started, the specimen was subjected to a low
level sinusoidal sweep {rom 50 to 1000 Hz to determine the vesonant frequencies of cach
accelerometer position und the phase relationship referenced to No, 10 accclerometer ...
mounted on the test fixture (rame (Table 6-1), The specimen was then subjected to 50
cycles of beost simulation, each cycle contposed of 10 seconds at an overall sound pres-
surc level of 158 dB followed by 40 seconds at 165 dB OASPL, Visual inspection of the
specimen was performed at least once each 10 cycles during Cycles 1 to 50 and at least
once every five cycles thercafter, Figure 6-6 details the noise environment expected
during shuftle hoost and Figurc 6-7 shows the boost vibration spectrum,

The response of all dccelerometers and of the microphone was recorded for each
test. cycle on magnetic tape, The tape recorder and test control console arc shown in
Figure 6-8, Microphone data from Cycles 1, 25, 50, 51, 75, and 100 were reduced for
preparation of plots of octave hand- width versus sound pressure levels, and accelero-
meter data for these same test cycles were reduced for plots.of power acceleration
spectral density versus frequency (see Appendix B),

Acoustic testing during Phasc II was performed at a maximum OASPL of 155 dB and at
152 dB OASPL for the lower level., It was desired during Phase II to test to the same levels
as used during Phase Il acoustic testing, 158 dB OASPL and 155 dB OASPL, However,
facilities were.not then available for this testing, For Phase III acoustic testing, facilities
were available and were used for the higher desired levels of acoustic pressures,

6,2,z Thermal-Mechanical, — Thermal-mechanical testing was performed in
Convair's high-temperature, flight simulation test facility for multi-panel thermal
protection systems, This facility was designed to apply a controlled, simulated, orbi-
ter flight environment of temperature, pressure, and oxygen partial pressure to the
nine-panel test specimen,

After completion of 50 cycles of acoustic testing, the nine-panel test specimen was
mounted in thé high.temperature testing facility seen in Figures 6-9 and 6-10 and
schematically in Figure 6-11, The specimen is shown mounted horizontally, facing up-
ward in the test facility in Figure 6-12, prior to testing,

This facility consists of two box-like, stainless steel enclosures: the bottom
enclosure which mounted the test specimen and tempetature sensing instruments, and
the top enclosure which mounted the power distribution system, the heat lamps, the
cooling air distribution system, the pressurization gas and exygen partial pressurc
manifolding, and the hot air plenum and exhaust ducting, The top enclosure is insulated
with approximately two Inches (5 cm) of fused silica foam insulation (Glasrock) which
is mechanically mounted, An oxygen partial pressure sensor line was also mounted in
the top enclosure, The two enclosures are hinged to open in a clam-shell fashion expes-
ing the skin surfaces of the test specimen, Opening was facilitated by two hydraulic
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Table 6-1, Modal Survey and Resonant Frequencies

Accclerometer Location

Freq.

(Hz) 1 2 3 4 5 6 7 8 9
185 - + - 0 - 0 - -
260 - - + + + + 0 -
365 0 - + + + + + +
408 (] + + + + + 0 +
445 0 0 0 - 0 - 0 0
530 0 - - 0 ﬁ 0 0 0 0
570 0 0 0 - g 0 + 0 -
620 0 0 - - S - - 0 -
718 . . + - + - 0 0 + +
850 0 - + + + + - -
980 0 - - - 0 + 0 0

NOTES: (1) Accelerometer Locations are as Shown in Figure 6-5,

(¢) (¥ Indicates In-Phase With Reference Signal.
() Indicates Out-of-Phase With Reference Signal. .
(0) Indicates Phase Relation Undefined.

(3) All Accelerometers Referenced to Accelerometer No. 10
Located on Frame.
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Figure 6-11, Schematic for Multi-Panel TPS Test Facility
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cylinders -operated from an air-hydraulic accumulator using shop air, The two enclo-
sures closed and sealed against a silicone rubber gasket, permitting pressurization of
the cavity over the test specimen, Water cooling was provided to both enclosures as
required to maintain reéasonable operating temperatures and to prevent damage to
temperature sensitive materials,

In this facility, the specimen was heated by 78 clear quartz infrared heat lamps,
No, 3800 T3/CL, rated 3800 watts at 570 volts (100 watts per inch), which were
mounted in pairs in 38 clear quartz tubes, 28 mm diameter by 1,5 mm thick, The aver-
age spacing of the heating lamps was 0, 6-inch (1,5 cm) which provided 24 kW per square
foot at rated voltage, supplied from a 600 volt, 3000 kVA system controlled by ignitron
power controllers, The temperature of the test specimen was controlled in three zones
by a programmed power system using temperature feedback in 4 closed.loop from three
sensing control thermocouples which were spring loaded against the underside of the
specimen's hot face, . The temperature program was provided by a servo-controlled
Research Incorporated heat programmer with a drum mounted function generator,

The cooling tubes, installed in the top enclosure as seen in Figure 6~10, were
fabricated with a ceniral tee outlet, Cooling air for the lamps was supplied into both
ends of each tube and exhausted through the central outlet into the.exhgust plenum
mounted on the ¢enter of the top enclosure, Exhaust air provided efficient cooling of ... -
the quartz lamps during facility operation.and was exhgusted at approximately 750 °F
{673°K), The cooling tubes were on 1, 2-inch (3.05 cm) centers and were 0, 75-inch
(4. 45 cm) above the test specimen, Filtered cooling air.was supplied from a 600 psi
(4137 kN/m2) supply and during testing was used at the rate of 50 pounds (23 kg) per
minute,

Before the start of the reentry portion of the test cycle, the cavity over the surface
of the test specimen was flooded with nitrogen gas until the oxygen content approach-
ed zero, During reentry, the amount of oxygen in the nitrogen atmosphere was
increased with time, controlled by metéring air through solenoid operated orifices,
thus providing in a stepped function, the desired oxygen content and oxygen partial pres-
sure over the test specimen, The automatic four-step metering of oxygen into the mix-
ture provided a good approximation of the desired oxygen content during reentry, The
air-nitrogen mixture for simulation of oxygen partial pressure was evenly distributed
and supplied to the top erclosure at the four cornérs, through four one-inch (2,5 cm)
tubes from a central supply point, The oxygen content of the gas mixture was monitored
by sampling through a tube entering the cavity of the top enclosure and analyzed by a
Westinghouse Model 209 Oxygen Analyzer, The analyzer and facility control console
are shown in Figure 6-13,

The design and test profile for the TPS, showing temperatuvre, pressurc differcn-
tial loading and local surface pressures versus vehicle flight time, arc shown in
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Figure 6-13, Test Console and Oxygen Analyzer for
Multi-Panel TPS Test Facility (138486)

Figure 6-14, The local surface pressure is a function of the oxygen partial pressure
and the volume percént of oxygen present, Reentry differential pressure loading starts
at 0,06 psi (0,4 kN/m?), rises to 0,15 psi (L. 04 kN/m?2) when the temperature is 2400 °F
{1589°K) and holds until the temperature drops to 2150 ° F (1440°K), The other reentry
differential steps are 0.4 psi.(2,7 kN/m?2) and 0, 85 psi (5.9 kN/m?),

Fifty thermocouples were installed in the test specimen to acquire thermal profile
data during test cycles, Of these, 14 were tungsten-rhenium (W-5 Re/W-26 Re) sheath-
ed thermocouples which were spring-loaded against the back of the hot face of all nine
test panels, Thirty-six were chromel-alumel thermocouples installed to measure
temoeratures of the support posts, the titanium skin cold face, and the insulation, The
locatiotis of all thermocouples are shown in Figure 6-15, Thermocouples 5, 7, and 10
were control thermocouples for each heating zone and thermocouples 31, 33, and 36
menitored the cold face beneath the control thermocouples, Readout temperatures for
these wcre continuously displayed in bar graph fort on a Metrascope, During thermal
cycles 1, 2, 3, 5, 11, 26, 47, and 50, data from all 50 thermocouples were sampled
every 32 seconds by a high speed data acquisition system 'a.nd ctored on maguetic tape
for processing and print out upon command, During all other thermal cycles, all
tungsten-rhenium thermocouples excepting No, 5, 7, and 10 were removed from the
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test specimen, Cold face températures and insulation cool-down rates were monitored
on the Metrascope,

When the nine~panel test specimen became available and was installed in the high
temperature simulation flight test facility, pressurization tests were run to determine
the pressure loading capability of the test system, Earlier investigations by Cross and
Black, Reference 5 , had indicated that the maximum desirable leak.rate through the
TPS specimen was 15 cfm (0,007 m”/sec) calculated on the basis of an average leakage
area of 0,0075 in? per inch (0,019 cm2/cm) of heat shield edge length, From Figure 6-14
it can be seen that the maximum required test pressure. during boost was 3,0 psi (20,7
kN/mZ), and 0,15 psi (1,04 kN/mz) during high temperature reentry, Pressurization
tests indicated that for a pressure of 1,08 pst (7,45 kN/m?), 220 cfm (0, 104 m3/sec) of
air was required, Thus for 3,0 psi 20,7 kN/m2) an intolerably high flow rat: was
indicated, Pressure testing was performed which isolated the specimen and the facility
and which showed that 56-percent of the apparent leaks were around the specimen hold-
ing fixture and through the test specimen, The balance of the losses were through the ...
top enclosure around the quartz cooling tube penetrations and the quartz tube penetra-
tions into the hot gas plenum where temperatures of 1200°F (922°K) were anticipated.

Continued testing at decreasing pressures, indicated that to attain the desired
reentry pressure of 0, 15 psi (1. 04 KN/m2), a gas flow of 55 cfm.(0, 026 m3/sec) was
needed, Assuming that all other losses.could be arrested, then 56-percent of the flow
or 30,8 cfm (0,015 m3/sec) would be around and through the test specimen when at the
desired pressure of 0, 15 psi (1. 04 kN/m2), Flow rates of this magnitude would have
unrealistically heated the insulation, the support system, and the simulated vehicle
structure and would have invalidated the test results,

Based on the considerations of high flow rate, the probability of success in seal-
ing facility leaks, and the unpredictability of modification costs and schedule impact, a
decision was made to discontinue the boost phase portion of the test cycle and all pres-
sure loading of the test specimen during reentry, All other test parameters of time,
temperature, and oxygen partial pressure were maintained (Figurec 6-16),
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Figure 6-16, Thermal Test Parameters in Nine-~Panel Test Specimen i




6.3 Test Results

Th. nine-pandl test specimen survived 50 thermal and 100 acoustic cycles of
flight simulated veentry, verifying the thermal/structural design and demonstrating
significant tolerance to oxidation damage, The isolated center test pancl of the array
remadined flat and undamaged by. thermal stresses, justifying the nine-panel test ar-
pangement, The center test pancl was readily disassembled for inspcction and rein-
stalled after repalr,

Three types of damage repair were attempted and verified: . on-site, in-place,
and in-shop. The on-site and in-place repairs were very successful, Disassembly
and reassembly of individual heat shields and retainers for inspection, refurbishment
and repair, or replacement were demonstrated at the end of Cycle 21 and Cyele 50,
These removals simulate post-flight, external panel removal from a flight vehicle,

Damage sites in noneritical p: vts or areas were allowed to grow without repair
to verify the design capability of removal when severely damaged. Both repairved and
unrepaired Hardware were thermally exposed through 50 simulated missions and acous-
tically excited to investigate their susceptibility to damage growth and/or propagation,

Following the completion of the tests, the complete nine-panel TPS test specimen
was disassembled for post-test evaluation of performance. Further information was
gathered on types of damage to test hardware, insulatioh performance, and problem
arcas of disassembly and inspection,

6.3.1 Aeoucii: Testing, — At 1o time during and after the first 50 acoustic test
cycles was therc w.y evidenee of damage, excessive movement, or physical.change in
the components of the test specimen. Data were accumulated and recorded en acoustic
cycles 1, 25, and 50, For these eycles, data plots were prepared of the microphone
sound pressures at both the high and the low sound level and of the acceleration spectral
density for each accelerometer at both sound levels. Typical data plots are found in
Appendix B, All post fasteners and plugs required retorquing after acoustic testing to
the 15-inch pounds (1.7 Nm) torque level established for this test.

At the completion of thermal cycling, acoustic testing was résumed with Cycles
51 through 100, In anticipation of possible structural failure resulting from thermal
damage to the post of the side retainer G/R5, accelerometer 5 was relocated te posi-
tion 5B at the corner of the test parel held by retainer G/R5, There was no structural
damage nor excessive movement of the components identified during test, Two post
filler plugs, which are non-structural, failed during acoustic test and as a result of re-
torquing between test cycles, Post test inspection also showed no structural damage
identifiable to acoustic excitation, no propagation of defetts, and no unusual coating ruk-
bing or serubbing on mated surfaces, Inspection of the test specimen was performed
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initlally every cycle and each fifth cycle after Cycle 5, This inspection revealed that

acoustic cxcitatlon was loosening the post retainer bolts which are huried at the bottom

of the retainer posts, Repeated retorquing to the cstablished test lovel of 16 inca=-pounds .

(1.7 Nm) did not solve the problem, After test eycle 66, all ten post retainer bolts

were tightened to a minimum of 25 to 30 inch-pounds (2,8 to 3,4 Nm) torque, solving

the loosening problem during acoustic test. However during final disassembly of the !
tost specimen, removal torques were { sund to be as low as five inch-pounds (0.6 Nm), i
showing that the problem of fastener terquing or locking had not been .resolved.

Data from acoustic test cyeles 51, 75 and 100 was accumulated and recorded and
data plots of microphonre sound pressure levels and accelerometer power speetral
densities were preparcd as before. These data plots are found in Appendix B. Figure
6-17 shows the test specimen at the conipletion of testing.

6.3.2 Thermal Testing — After completing the 50 {hermal cycles .imulating
orbiter reentry flight, the nine-panel test specimen was in excellent condition as seen
in Figure 6-18, All heat shield panels were flat and free of local warpage or buckling.
Panel edge retainers remained in contact with heat shiclds and there was no evidencc
of preblems related t-- thermal/struetural desin. Oxidation damage sites arising from
geveral causes — the majority being test peculiar — were evident and.had been docu-
mented from first sightings. Oxidation damage had been arrested by repair coating or
permitted tc grow to allow observation of probleris associated with oxidation damage
during continued thermal exposure and the dynamics of acoustic excitation, Oxidation
sites which had been satisfactorily repair-coated continued to protect the metallic
substrate.

The test specimen was acoustically tested for an additional 50 simulated boost
cycles and disassembled for detailed evaluation of the structural integrity, reusability,
damage tolerance, and for insulation performance, atudies of refurbishment and r¢-
pair of problems associated with disassembly and inspection,

6.3.3 Disassembly — Disassembly started with the removal of the center heat
shield panel, simulating the removal of an extérnal panel from a vehicle, see Figure
6-1y, The center panel was digsassembled from the array by removing the post filler
plugs, unbolting the retainers, and sliding the panel from under the adjacent panel.
Plugs which had been damaged by oxidation or torqued to failure, did not delay rémoval
of the submerged post retainer bolts. The balance of disassembly was normal, except-
ing the removal of one post filler plug which had been permitied to oxidize, Figure 6-34,
go that no drive soeket remained, ‘TFhis plug wus drilled through and removed with an
"Easyout" hand tool, a possibility which had been considered tn design, During dis-
assembly of the test specimen, one of the pluggs was torqued to failure. Since the body
of the plugs arc cylindrical, access to the retainer bolt at the hottum of the posis was
still possible and the bolt was removed. All post retainer bolts were removed without
difficulty, although the design would accommodate removal by ""Lasyout” tools if nccessary,
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6.3.3.1 Condition of panels: The center heat shield panel -of the test specimen
which had experienced thermal and mechanical edge conditions during test which were
represcntative of those imposed on a typical flight heat shield, remained flat and free
of local distortion and warpage after completion of tests. This is secn in Figure 6-20. -
The balance of the heat shields scen disassembled in Figures 6-21 and 6-22 display the
same absence from local distoriion and warpage as the center panel, though the edge
effects of the 20000 1 (1366° K) thermal gradient from the panels to the water-cooléd
fixture, are evident in overall warpage of these peripheral guard pancls, This warpage
did not interfexre with the guard panels remaining flat with the normal edge restraint
afforded by panel retainers and by the test fixture.

6.3.3.2 Condition of insulation: The fibrous insulation selected for the Phase III
thermal. protection system performed satisfactorily under the test conditions, There
was no evidence of incompatibility with the test hardware nor with the test envirenment,
it remained dimensionally stable and did not densify due to sintering, and it did not dis~
integrate nor eompact during test, Figure 6-23 shows the top surface of the insulation
mass with all surface hardware removed, Figure 6-24 is looking into one insulation
hole where an upper post has been removed. The cendition of the insulation and the lack
of compacting is clearly evident,

6.4 Damage Asscssment

Major areas of concern in Phase III were the tolerancc of the TPS te oxidation dum-~
age caused by coating breakdown, and the ability of the hardware to rctain its integrity
while damaged and subjected to repeated reentry flight cycles, Evaluations in these
areas were made continuously throughout all testing, followed by a detailed, piece-by-
piece assessment of the damage to the test hardware at the completion of all acoustic
and thermal testing, These inspections revealed that the majority of thc damages were
of a minor nature or werc unrelated to flight hardware, and that such damage did not
compromise the ability of hardware to preperly perform its design functions thiroughout
the eomplete planned spectrum of acoustic and thermal testing.

All damage to the nine-panel thermal protection systcm test hardware during Phdse
111 thermal testing was.by oxidation of the columbium substrate, resulting from coating
breakdown. Causes for the majority (80%) of coating damage have been identified and
characterized. A dctailed assessment was made of the damage and the location for each
item of coated columbium, and a probable cause was assigned for cach case of coating
damage. The data in Tables 6-2 to 6-5 display all of the identified damage to each item
of test hardware, grouped as to heat shield panels, panel retainers, upper support posts
and the nonstructural, post filler plugs. The probable causes or sources of damage are
as follows:

85




86

Figure 6-20,

Center Test Panel from Nine -Panel Test Specimen after 50 Thermal

and 100 Acoustic Life Cycle Tests (138714, 138719, 138725)
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Figure 6-21, Disassembled Nine-Panel Test Specimen after 50 Thermal and 100 Acoustic Life Cycle Tests (138756)
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Figure 6-23, Top Surface of Fiberfrax H Insulation Mass after 50 Thermal
Cycles to 2400°F and 100 Acoustic Cycles -~ Heat Shields and
Panel Retainers Removed (138754) _ ‘
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Figure 6-24, lole in Insulation with Upper Support Post Removed Showing Condition of
Insulation after 50 Thermal and 100 Acoustic Life Cycle Tests (138749)
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1, Design - Damage caused by an érror in design which provided inadequate clear-
ance between parts and allowed impacting during acoustic cxcltation, damaging the
coating on one or both parts, An example of this is shown in Figures 6-26 and 6-20
where the panel corner impacted e shoulder of the retainer post B/R3 during
acoustic testing and eventually resulted.in the hole in the post. . The retainer post
had been increased in diameter and the shoulder thickened after Phase II without
complete clearance checks with adjacent panels,

2, Manufacturing - Damage resulting from inadequate manufacturing quality control
which allowed discrepant parts to go into assembly. Discrepancies consisted of
dimensional errors, improper-finishing, or undetected flaws. In Figure 6-27, the
dimensionally incorrect load pads on the longitudinal beams of the panel allowed the
pad to impact the retainer post, damaging both the pad .and the body. of the post.

This pad, during acoustic vibration, impacted the body of a retainer (replaced after
Cycle 21) creating an oxidized hole similar to those scen in retainer G/RS5 of Figure

6-26.

An example of improper finishing is illustrated in Figure 6-28,. (This panel
also displays corner damage due to design discrepancies.) The weld bead extended
under the retainer and was not ground flush pérmitting high local loading and impact-
ing during acoustic excitation, creating coating damage and eventual failure.

The large oxidized area to the left in Figure 6-29 is thought to have been the
result of an undetected crack or flaw in the beam material. (No components were
inspected by NDT prior to testing.) An attempt was made to repair this site, which
was unsuccessful due to its inaccessibility and an unsatisfactory furnace atmosphere
during fusing of the repair coating, Other similar cases arc the damage sites of
I/R6 and R1in Figure 6-26.

3. Coating - Damage identified to have resulted from inadequate quality control of

the silicide coating process. This includes the quality of the materials, the distribu-
tion of constituents before and after fusing, and the thickness of eoating on all surfaces,
particularly on interior cylindrical surfaces, edges and corners. Evidence of inade-
quate coating protection on interior surfaces is secn in Figure 6-26 on the plugs and
the post inside diameter of retainer D/R4, Examples of local eoating lack ef protec-
tion are seen in Figure 6-30 whieh has two damage sites, ono hole through a »ib and
the other an area on the beam web, Figure 6-31 illustrates two cases of edge damage
caused by unsatisfactory coating, In Figure 6-32 are scen two other typical damage
sites caused by poor quality coating.
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Figure.6=25, Panel Corner Damage Caused by Design
Deficicncy = 50 Cycles (138746)
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Figure 6-26, Panel Retainers and Plugs with Damage from
Scveral Causes = 50 Cycles (138726)
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Figure 6-31, .Edge Oxidation to Panel Caused by -Coating
Deficiencies - 60 Cycles (138732)

Figure 6-32, Panels with Local Damage Sites Caused by Coating
Deficiencies - 56 Cycles (138728)
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4, Materials - Damage eaused by the use of unsatisfactory or incompatible materi-
als which reacted adversely when exposcd lo {he flight or test conditions of tempera-
ture, local atmosphere, time and pressure, ov loads, One easc of apparent lncom-
patibility of materials was sevenled. Tho situation was a test peculiar condition
wnrelated to flight hardware and {nvolved the spring-londed metal sheathied, tungsten-
rhenium thermocouple probes, which reacted with the silicide coated hot skin during
thermal eycling, Though 14 such probes were {n use under similar conditions, only
four caused coating damage, three of which Beeame through holes in the skin, ' igure
6-33 shows Lwo views on the skin surface of'such a site befere a through-hole devel-
oped. This damage is discussed further in Section 6, 5.

5. Assémbly - Coating damage resulting.from normal assembly and.disasscmbly
operations encountercd during turn-around inspection, The damage sites in the
hexagonal drive socket of the post filler plugs shown in Figures 6-34 and 6-26 are
of this type. This damage developed during wrenching operations and {s expected
of coated fastencrs. (The situation may Lave heen worscned by improper edge
preparation for coating). The plug is a nonstructural,throw-away item and the
socket oxidation did not impair its removal,

6. Test Peculiar - Damage to coating which resulted from condition: ;
exclusively to the particular test and which were not realistic o* '. conditions, .
Several-cxamples of this were available from the nine-panel test spec imen due-to the
steep thermal gradients experienced by the guard panels which surrounded and iso-
lated the center test panel from edge effects created by the tests. The cracking and
oxidation sites in the guard nanels of Figure 6-35 were test peculiarg Other damage
sites resulted frem the distortion of guard panels - a preduct of the severe thermal
gradients. These panels flexed rather vigorously with an over-center action during
disassembly for inspection and repair, causing coating damage {0 themselves and
adjacent parts. This damage was test peculiar since such distortion resulted from
the test thermal gradients and not from normal assembiy and disassembly opera-
tions. Examples of this test peculiar damage are seer in the guard panel in Figure
6-36 and on the retainers R1, R2, and B/R3 in Figure 6-26.

7. Flight Normal - Damage to coating which was considered to be a normal condi-
tion and realistic to vehicle hardware.. Exumples of this werc the damage caused by
parts in contact respending to the thermal, mechanical, and physical aspects of

the repeated flight environment. An example is the damage site at the base of the
panel locating key on the upper support post in Figure 6-37. Two other cases alter
50 thermal cycles are scen in Figure ¢-38, both serious enough to require a design
improvement in this panel area.
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Figare 6-33, Damage Site on Panel Located Over Thermoceuple

Probe — Both Sides Shown — Cycle 8 (138747,138748), ... .. .....

Fignre 6-34, Oxidation of lexagonal Drive Socket
ol Post Filler Plug = Assembly
Damage = 50 Cycles (1:38448)
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Flgure 6-36,  Guard Panel Damage Caused by Flexing
of Trusverse Beomn - Fest Peculiary =
S0 Cyeles (138707
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Figure 6-38, TFlight Normal Panel Damage Requiring
Redesign - 50 Cycles (138727)
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S, Indeterminate - Cases of damage where there was no clear=cut cause or souree
ol coating damage,  In most cases, o combination of causes undoubtedly contributed

fo the damage, . The ends of the heat-shicld panels contained numerous examples of.
indeterminate damage,  Here were found huilt=in problems of manual edge preparation
of thin sheet for coating, for application and cvaluation of edge contings, coupled with
manutacturing variances and a design not condueive to good end produeibility,  The
rosult is damage sites such as shown in Figure G-39. A simple design ehange per-
mitting the shin and vib cap to overbiang the rib rather than trimmed flush, might
climinate most of the panel end defeets,  Another example is the retainer end damage
to Retainer R1, Vigure 6-26, where the cause could he attributed to one of several

discussad classifications,

From the data compiled in Tables 6-2 throwgh 6-5, it is possible with cach type of
hardware to identify the principal loettion of coating damage and the prineipal causes or

seurces of such damage,

G.4.1 Hea Shicld Banel Flipght Hardware. - On the heat shicld panels, the main
damage (see Table 6-2) was found to be to the skins (33.3% ) dominated by test peculiar
auses, ad to the panel ends (23,49 mostly from indeterminate ciauses... This is in
mels where 35,8 pereent were

agreemont with the principal causes of damage to ol pu
test peculiar and 26,5 pereent were for indeterminite rtasons,

For {light heat shiclds, where improvement offorts have been focused on petenfial
damage eauses, the reliability can be improved 40 times to an average of only 2,5 defeets
per panel per 50 flights,  The remaining defeets would be localized principally at panel
ends and at noneritical ends and edges resulting in a low possibility of flight failure in
50 eyveles, This would be accomplished by review of the Phase pancl designs to remove
destgn interferences and to improve b producibility and coatability of the panel, to
minimice the potential for normal flight damage, and by improved quality control during
minufacturitng and coating operations,  The test peculian and materiad compatibility
problems encountered by Phase 1T test hardware would not be present for flight hidware,
In actual flight operations, any panel which is foud to he critically defected during
routine turnaround inspections would be repaired or replacaed.

G.1.2 Pawel Retainer FPlight Havdware, = From Table 6=3, it is scen that the
principal damage to the retainers was to the posts (36, 3°) with the principal cause of diwme-
age in destgn and coating deficienetes.  Next principad dinage was to the tee retadner cap
(29,17) foltowed by the flange (3.5, with all but two eases attributed to test peculiar

conditions,




Figurc 6-39,

B s St e Tl
. PV

Oxidation Site al Ends of Panels - Indeterminate
Causcs - 50 Cycles (138715, 138720, 138722)
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Nearly half (47%) of all retainer damage were found to be test peculiar followed by
eoating causcs (29, 4%) and by design (11, 8%, By a review of.the Phase I design, clear-
ance of the retainer posts and heat shicld pancls and by improving quality control cfforts
during manufacturing and coating operations, the retainer defeet rate ean be reduced to
one defeet in 2, 5 panels per 50 {lights, Except for the cnd of the tee member, this part is
structurally critical and would require frequent.turnaround inspection to remove damaged
parts. This is readily accomplished by in-place inspection and by easy removal,

6.4.3 Post-Filler Plugs Flight Hardware, - The dominant damage to post filler plugs
as seen in Table 6-4 was causcd by oxidation sites on the inside diameter of the body (51.6%)

and on tho outside of the body (19.4%), accounting for 71 percent of all damage. Soeket
damage of 25.8 percent arose from assembly operations and possibly from improper cdge
preparation, The main thrust for imptroved fillor plug rcliability must be to improve the
coating of the body, particularly on the inside diameter: The most optimistic improve-
ments could not reduce the damage rate to less than one per part per 50 flight cycles.
However, the filler plug is nonstructural and functions only to shield and pretect the sub-
merged superalloy panel fastener. Excessive oxidation damage or loss of a plug docs not
impact (light safcty nor impair disasscmbly operations as shown during disassembly of.
the ninc-panel test specimen after 50 simulated flight cycles. Here one plug was "lost"
during final acoustic testing, onc was torqued to lailure during test, and one was so
seriously damaged by oxidation as to require rcmoval with an "Easy-out" tool. Inall
cases.further disassembly was unaffected.

G.4.4 Upper Post Flight Hardware. - Very little damage was evident on the upper
pests (sce Fable 6-5) which were examined, Four posts were completely removed and
inspeeted and six were inspected in place with the top flange, locator keys and the post
inside diameter visible to inspection. The absence of damage indicates good design for
coated columbium hardware. The total damage was limited to two cases of flight normal
damage to the welds which affix the keys to the flange on two parts and some wassigned
damage to a betiom edge and to a clearance hole. None of these damages could have
reasonably causcd ultimate failure of the part in 50 to 100 flight cycles, The damage rate
of the parts tested and inspeeted was 0.5 per part in 50 flights and this probably could

not be improved for [light hardware.

6.-1, 5 Damage Asscssment Summary, - The total number of damage sites (sce
Table 6-6) ean be substantially reduced for flight hardware by efforts to improve coating
and manufacturing quality confrol and by design review and improvement to remove in-
forferences and-to increasce producibility, Conservatively, the damage could be reduced
to G, 8 sitc per TPS unit consisting of seven parts of coated coiumbium (seu Scation 5. 1)y
or less than onc «damage site per part per 50 flight cycless Most of these sites weuld
have been discovered during turnaround inspecttons of the vehicle thermal protection

sy:tem and the damaged parts repaired or replaced,
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As had been antieipated during design, the coated coluabium parts did suffer .oxi-
dation dantage (rom the repeated simulated reentry fliglits, Most of the damage was.of
a minor nature and.did not structurally degrade the hardware, Piuiels, panel fasteners,
plugs, and retainers were removed.when desired for inspection and assessmeit of oxida-
tion damage, and-sceverely damaged-plugs and fasteners were removed for replacement
withont damaging adjacent parts, The damage tolerance and the ability of the TPS to
perform its design tunctions, though damaged, were most evident from the post test
review of the TPS hardwaree e« o0 o e Lo

6.5 Materials Problems

Two problems arose during Phase I fabrication and tosting which were traccable to
the materials. The first involved the €b~752 columbium alloy supplied by Wah Chang
Albany Corporation, The other involved the material seleeted as sheathing for the high
temperature, tungsten-rhenium thermocouple,

During fabrication, scveral cracks were encountered in or near clectron beam welds,
and during cold straightening operations, Cracking of this nature had not heen exper-
ienced during Phase II fabrication of identical hardware using the same processes, It
wis discovered that the columbium sheet and plate furnished by Wah Chang for Phase IT
differed from that turnished for Phase III, Phase II material-had included a Wah Chang
preprictary additive which enhanced weldability and minimized eraoking probabilitics,
This additive was present in only one heat of material furnished tor Phase II fabrication
and this only for use on a minor part. The procuring purchase order, as recommended
by Wah Chang, had specified that the material be furnished .. ... fully recrystallized
and best weldable quality.” It is belioved that the absenec of this additive influenced the
cracking expevienced during PhaseITI fabrication. If such a erack were present and
undetected prior to silicide coating, a major oxidization site such as that scen in Figure
6-29 could have resulted,

The sccond problem encountered during Phase 11 involved the sheathing material tor
the Wgh temperature thermocouples. For Phase IT an iridium sheath had been used,
However, the sheath was very brittle, thereby creating probléms during fabrication and
installations In addition, the-iridium was procured from a non-domestic source which
resulied in an extensive lead=-time and a tetal cost beyond the budgetary restrictions of
this program. After an in-housc evaluation, Inconel 600 72 Ni-15 Cr-8Fe~-1Mn (plus
Si, Cu, C, 8)" was sclected for the sheathing, The evaluation consisted of thermal
exposure from 2000 1o ‘.MOOOF (1366 to 1589°K) at onc atmosphere in air with thermo-
couples in contaet with R=-512E/Cb-752 coupons, ‘t)mdcr pressure louds ranging [rom
approximately 400 to 660 psi (2,76 to 4.48 MN/m”), The duration of the exposure was
62 to 66 hours, No macroscopic rcaction was observed on either the coupons or the
sheathing material,
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Fourteen thermocouples sheathed with Inconel 600 were installed in the test speci-
men and spring-loaded against the skin hot face, Aftor ohe cycle at 2260°F (15050K), a
small eruption of slag-like material was cvident on the top face of tho skin opposite to
one thermocouple, This was accompanied by a deformation of the skin due to excessive
spring loading by the probe. The-spring pressurc on all probes was reduced to provent
further deformation damage to tho skins, After thermal cycle 4 and later after cycle 31,
similar surface cruptions.were obscrved over thermocouple locations in adjacent pancls,
Those three damage sites resulted in through holes in the skin,

After completion of testing and during disassembly, a similar damage site was
found on a fourth pancl, This site was only visible on the side of the panel contacted by
the thermocouple probe, There was no indication of an eruption on the top skin surfacc.
I is notable that there were ten other high temperature thermocoeuple positions wherc
the Inconel 600 sheathing was in contact with the silicide coated columbium and therc
was no evidence of reaction between the sheathing and the silicide, A total of 27

sheathed tungsten-rhenium thermocouples were installed in the test specimen during
Phase Il testing.

It was évident that an incompatibility problem existed between the sheathing materi-
al and the coated columbium under the circumstances and conditions of thermal testing.
It was not a predictable situation since but four thermocouple positions showed evidence
of reactions. Subtle differences may have existed from position to- position that would
account for the differences in reaction. These might include: (1) temperature variances,
(2) load on the probe, (3) thc presence of oxide films on either contacting surface, or
(4) remnants of insulation on the tip of the probe acquired during’ installation. It has
been reported that under the proper conditions of temperature, time, pressure and
atmosphere, nickle basc alloys such as Inconel 600 react unfavorably with silicide coat-
ings and with columbium (Reference 6). A thin barrier layer of insulation or of an
oxidation resistant foil such as iridium can be used to prevent the oceurence of problems
such as these encountered during Phase I testing,
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6.6 Acoustic Analysis

As deseribed in Section 6, 3,1, the tee-stiffened hoat shiold panel survived the
acoustic test program without any structural-damage attributable to sonic fatigue,
Tho purpose of the subject svaluation, therefore, was to compare analytical and
test results in order to validate anmlytical sonfe fatipue prediction procedures used
during this program,

Test panel responses to acoustic excitation were measured by accelerometers
located as shown in Figure 6-4. Response data were presented as plots of acceler-
ation spectral density in G2/1iz versus frequency in Hz, However, acoustic fatigue
analyses were made by use of Convair Aerospace Computer Program 5454, which
computed panel responses in terms of dynamic stresses, (Reference 1b, Appendix C.,)
It was neccessary, thercfore, to estimate the dynamic stresses correspending to the
measured accelerations in order to establish a compatible hasis for comparing ana-
Iytical and test results,

The test panel, being cffectively supported enly at two cnds, was considered as a
simply supported beam, A simply supperted heam under a uniformly distributed toad
has its maximum bending deflection (y) a.t\ld stress (f) at mid-span,

o (N[ L, o Mo (1) (e
Ymax 384 Ef '™ max I 8 1

For a pancl exposed to acoustic pressure, the acoustic pressure applied statically
can be substituted for W, By ratioing the normalized stress to the normalized deflection,
o oy (Fnax/W) O max/W), the following expression is obtained,

48Ecy

5!&2

f=

where ¢ is the distance from the neutral axis of the beam to the extreme fiber,

From review of the panel modal survey data contained in Table 6-1, in conjunction
with. the acceleration spectral density plots obtained during acoustic fatigue tests, it was
determincd that the panel bending mode at a frequency of 295 Hz developed maximum
bending stresses, It is noted that this is the same mode and frequency reported in
Reference 1b, Stresses were caleulated by the fellowing procedure; TPirst, s
accelerations were calculated by taking the square root of the product of ncceleration
speciral density times filter bandwidth and raultiplying hy the gravitational constant,

386 in/sec?, 'I’he rms displacements were then obtained by dividing the rms accelera-
tions in in/sec® by the square of the resonant frequency in radians per sccond, Consider-
ing the phase relatieaships among the several accelerometers, the maximum relative
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rms displacement along the panel was then obtained, This displacement was then
substituted in the expression
8Fcy
=g
50
to yicld the dynamic rms stress in psi,

The measured responses of. the panel include the cffects of inhcrent damping
(dynamic magnification), but do not include the effects of local stress raiscrs, Inspcc-
tion of the half-power points on the acceleration spcctral density plots indicates that the
average panel damping cocfficient in the 295 Hz mode, o/, I8 6 percent of critical;
this corresponds to a dynamic magnification.factor, Q, of 8,33, However, if the filter
bandwidth is.greater than the structural bandwidth, the damping estimate may be high,

The dynamic ¥ms stress in the 295 Hz mode calculates to be 1218 rms psi for the
high-level, 158 dB OASPL, input shown in Figure 6-40. [ a local stress raiser of
Kp=4.01s considered, the local dynamic stress is 1872 rms psi, The 40 maximum
local dynamic stress is then 18,488 psi and the critical stress (loy) for maximum partial
damage is 9,244 psi, From Reference 1b, Page 269, the total required life of the TPS
pancl for 100 flights is 5, 000 scconds under acoustic excitation during lift-off and ascent
of the Space Shuttle vehicle, At a resonant frequency of 295 Hz,-this cerresponds to
1,475 X 10% stress reversals,

Fatigue life evaluation of the test panel was made in.two ways, based on reversed
bending (R = -1) stress-cycle (8-N) curves shown in Figure 6-63 of Reference 1b,
First, using the local dynamic stress level of 4,872 rm psi in conjunction with the
derived random S-N curve, it is seen that the fatigue life expectancy is dbout 108 stress
reversals, Second, using the critical stress level of 9,244 psi, the fatigue life expect-
ancy is in excess of 108 stress reversals, based on the sinusoidal S-N curve, Hence,
by- either procedure a large margin of safety is shown as predicted,

In summary, as predicted in Reference 1b for the columbium alloy TPS panels,
margins of safety are large and fatigue life expectancy is indefinite with respect to
acoustic exposure, As a matter of interest, dynamic stresses developed under acoustic
exposure,. reported in Reference 1b, when normalized by the incident acoustic pres-
sures are the same- s the normalized stressés-obtained during the tests reported herein,

6.7 Thermal Analysis

6.7.1 Mecthods of Analysis, — The thermal analysis presented herein was conduct-
ed using a computer program designated GAWEB 9793, Transient, Two-Dimensional Heat
Transfer Prograni, This program acecommodates a variety of engineering thermal analy-
sis requirements, The program includes provisions for radiation interchange between
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Figure 6-40, Acoustic Spectrum - High Level (pre-thermal tests)

elements of the test specimen model and the test chamber, [ This program differs from
the one used during Phase II, Convair Aerospace Computer Program 1272, which predicted
thermal interactions between the TPS model and deep space,] Problems involving a multi-
tude of materials with various conductivities, specific heats, and emittances as functions
of temperatures, and with conductivity as a function of both temperature and préssure are
analyzed,

Aerodynarnic heating of the panel surface is gimulated as a time-variable heat flux,
The effect of wall temperature on heat flux-was included, View factors between elements
of the thermal model and between the model and the test chamber were obtained by using
the computer programs of References 7 and 8, The overall radiant inter hinge
factors including multiple reflections for gray diffuse surfaces at constant emittances
were-obtained f*om ihe progruwu of Refsrencc ¢ o Symmetry was used to yield a mini-
mal of thermal elements within the model, .
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For the eolumbium alloy components the same metallurgical assumptions werc uscd
herein as those used during Phase.II, That is, when coated, onc-third.of the coating
thickness results 1rom penetration of the base metal, Diffusion of the coating into the
hase snrctal- continues as the material is cycled at high temperatures, A coating of 0, 003
ineh 0.008 ecm) was applied o the pancls manufactured under this program, and it'was
assumed that a diffusion of 0, 00001 inch- (0, 00003 cm) per side would occur during cach
¢yele, Thus, if the original panel thickness is 0,020 inch (0,051 cm), after coating the
new base metal! thickness is 0,018 0,046 cm), and the total thickness is 9,024 inch
(0,061 cm), Aiter 109 eycles, the final hase metal thickness is 0,016 inch (0,041 cm),
Thermal properties of the coating material and diffusion zene are not known at present,

In this study, puancl temperatures and temperature gradients are hased on (1) conduction
using the base metal. thickness after 100 cycles ~0,016 inch (0,041 cm) in above example’,
and (2) thermal inertia using the total thickness “0,024 inch (0,061 cm) in ahove example”
and the thermal conduetivity und specific heat of Figures 6-41 and 6-42, The conduction
heat transfer terms used for the coated columbium clements in the support post analysis,
however, are based on the total thickness, Thesc assumptions should yield the worst

casc pancl gradients and the worst case with respect to heat transfer threugh the support
post to the backup structure,

6.7.2 Thermal Sizing — The insulation sizing was based on a thermal model that
includes effects of hoth temperature and pressure on insulation thermal conductivity.
The local static surface pressure at X/L = 0,025 was employed, A 0, 020 inch {0, 051
ein; Liianium adiabatic backup structure was uscd, and it was assumed that the insulation
and backup structure were initially at +100°F (311°K) prior to entry,

Insulation sizing results hased on the 7,2 1h/ ft3 (115,3 kg/ms) Fiberfrax H data of
Figurcs 6-43 and 6-44 from Refercnce 10 are presented in Figurc 6-45. This indicates
that an insulation thickness of approximately 3,4 inches (8, 6 cm) would be required to
limit the load carrying structurc to 650 °F ($16’K), However, the post length had been
sized to 3, 7 inches (9.4 cm) on the bas!s of using Dyna-Flex and the analysis of Phasc II
Meference 1, Figure 6-33), With 3,7 inches (9,4 c¢m) of Fiberfrax U the predicted
titanium structural temperature was 580°F (577°K),

It thereforcé follows that thc unit weight of the insulation could have heen rcdtlccd
from 2,22 lh/ft” (0,093 kg/m ) noted in Section 5,1 to 2,07 lb/ft {0,087 kg/m Ve
‘Togcther with the reduction in post height the theoretical TPS unit weight should have
hieen 4,72 1h/ft2 (0,199 kg/m?),

No variations to the Phase I pancl analysis (Roference 1, Section 6,3, 6) were

cmployed and those predicted temperature distributions were assumed to be valid for
the Phasc HI cffort,
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For the panel support structure, modifications were made to the bi-metal posts and
to the titanium structure that altered the heat transfer from that of the Phase Il tests,
The primary modification to the Cb-752 upper post was the addition of more massive
heat shield guides (keys); these provided a greater heat sink and contributed to a higher
post interface temperature than desired [2100°F (1422°K) instead of 2000°F- (1366°K)" ,
The primary change to the lower portion.of the post was the change from TD NiCt to
118-25(L.~605) with its lower thermal properties (Figures 6-46 and 6-47). The predicted
temperature at the base of the post was 650°F (616°K),

The third modification in the analysis was the consideration of heat transfer to
0, 620 inch (0, 051 cm) titanium skin and the heat sink cffects of supporting frames and
stitfeners, These had a tendency to produce lower temperaturcs on the primary struc-
ture from thosc experienced in. Phase II, The thermal proportics of Ti-6A1-4V used in
this analysis arce shown in Figures 6-48 ard 6-49,

6. 7.3 Thermal Correlation, — The average temperature measurements for the test
scries showed acceptable uniformity [+6°F (4°K), -22°F (13°K) at peak temperature ]
over the surface of the specimen. The average maximum temperature over the heat
shield surfaces was 2398°F (1587°K) with the maximum temperature recorded at the
specimen center of 2408°F (1593°K). The maximum recorded temperature was 2440°F
(1611°K) which occurred during Cycle 3,

Data plots of the average temperature history for four critical locations are shown
in Figure 6-56. The data shown have been shifted to compensate for startup lag. The
average maximum temperature at the center of the heat shield surface as recorded on
the interior side was 2408°F (1593°K) compared to a pregrammed and predicted 2400°F
(1589°K). The data closely follows the predicted curve until the final eool-down period
after 2400 seconds from start of reentry, At this point the cool-down rate was slower
thun anticipated, This deviatiorr was probably due to the heat stored in the Glasrock
insulation above the lamps.

The bimetallic support post interface maximum temperature was 2095°F (1419 °K)
compared to a predicted level of 2100° F (1422°K), This data set exhibited excellent
corrclation over the entire recorded range with slight deviations oecurring during the
heat up and during the simulated reentry maneuver (2000 to 2400 seconds following start
of reentry),

The average maximum temperature at the base of the support post was 625° F
(662 ° K) compared to a prediction of 650° F (616 °K), The test data ‘ollowed the predic-
tions hut were consistently lower, This is attributed to a possible differenee in the
thermal properties of H8-25(L-605), greater lateral thermal conductivity of Fiberfrax H
than anticipated, and/or convective cooling air hetow the fixture,
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similarly, the titanium primary structure (consisting of skin, frames, and stiffen-
ers) temperature data deviated considerably from the predictions, The average maximum
temperature was 5252F (547 ° K) compared with a prediction of 580 ° F (577 °K), This
could be the result of a variance in the thermal properties of Fibexrfrax H, an error.in.

the assumption of the thermal mass of the titanium structure, and/or convective cooling
air below the fixture,

Comparing the curve fits of the predicted and the actual temperature data of Phasell
with those in Phase III show that the Phase I curves of predictions versus actuals do not
fit as well, Since changes were made in the design of the support post (hence, the thermal
model), lower support post material, insulation material, and primary structure thermal
mass, plus expesure of the understructure to circulating ambient air, considerable vork
would be required to isolate the exact cause of the deviations, However, since the predic-
tions were generally higher than the actual recorded data (varying from less than 1% to 9%)
and are, therefore, conservative, the method of analysis was determined to be acceptable,

6.7.4 Thermal/Structural Performance. — Verification of the thermal design of the
heat shield panels and justification for the selection of the nine-panel test array of heat
shields were demonstrated by the results of the tests, The isclated center panel sur-
vived the full test spectrum with no thermal distortion or thermal stress faflures. This
panel experienced thermal and mechanical edge conditions that were representative of a
tvpical heat shield on a flight vehicle, The flatness of the panel and the absence of dis~
tortion and thermal damage can be seen in Figurc 6-20, As previously noted in Section
6.3.3,1 during discussion of the post test condition of heat shield panels and in Section
6.4, Paragraph 6. under test peculiar damage, considerable distortion occurred in the
edge of guard panels making up the balance of the nine-panel test array. These panels
experienced severe thermal gradients unlike any encountered by flight hardware, The
thermal gradients were created by the eentact of these panels with the water-cooled
frame of the holding fixture and caused thermal differentfals in the order of 2000°F
(1366°K) during thermal cycling,

Prior to fabrication of the holding fixture, it was predicted that the top flange of
the support frame would experience temperatures in the order of 2000°F (1366°K) and
that the thermal gradients along the sides of the frame would not contribute to frame
distortion since the frame was free to expand aleng its length, However, during the sys-
tem cheekout, the frame did distort excessively, necessitating the addition of frame side
member water eooling tubes. However, design modifications were not made in the cdge
panels to accommodate the new thermal gradients existing between the heated panels and
the water-coeled frame of the fixture, As a result, the edge panels all experienced
warpage and thermal damage to some degree, and as expected, the four eorner pancls
with two cool edges experienced more warpage and thermal stress damage than did the
other four guard panels that had only one cool edge.
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In retrospect, it would have been preferable to have more thoroughly analyzed the
relationship betweon the water-cooled frame and the edge pancls, This would have
shown the necessity for isolating the edge panels from the frame by using guard panels
such as were successfully employed in the Phase II test spocimens, {The guard panels,
although originally planned for the Phase III specimen, were eliminated in an effort to
reduce the number of components and to ease the specimen assembly., 1

An analysis has been made of the edge panels in an atlempt to explain their thermal
stress damages and the differences between the edge paaels, Thermal stress damage
to the two comer panels in Figure 6-21, Panel i1 and Panel #3, was limited to cracks
in the skin te 1ib welds along the long, cool panel édge. These cracks, shown in
Figure 6-35 (top picture), terminated at one end at the longitudinal weld joining the
beam to thé skin and at the other end at a location approximately in line with the ends
of the stiff2ning beads in the panel skin. A crack was also evident in the skin running
diagonally in the cool corners of the panels to the first tee 1ib, Panel #2, an edge cen-
ter panel, has similar damage to that seen in Panels #1 and #3, but without the diagonal
end crack., Panels #7 and #9 also had damage from the severe thermal gradients found
along the cool edges of the punels, Damage to these two panels consisted of a highly
local scries of small, parallel, oxidized cracks in and near the outer cool edge of the
flange of the long, narrow beam. These da nage sites were equidistant from the cool
corners of each pgpel as seen in Figure 6-35 (bottom picture),

The thermal stresses creating edge damage to the comer panels were essentially
the same for all four corner panels, lHowever, they displayed themselves differently in
Panels #1 and #3 which had a cool, longitudinal beam with a wide flange which was twice
as wide as the cool flange of the edge hecams in Panels #7 and #9, TPS designs permit-
ted Pancls #1 and #3 to expand and move freely in the plane of the skin, constrained by
one fixed point in the wide flange of the cool, longitudinal beam, Panels #7 and #9 had
their fixed point on the opposite edge of the panels: All panel edges except the wide
beam cdges of Panels #1 and #3 were held and cooled by edge retainers which permitted
in-plane panel movement during thermal cycling,

The apparent stress fields creating the damage to the corner panels were located:
(1) in the unbeaded portion of the skin adjacent to the longitudinal beam at the cool edge
and (2) at right aingles to this in the skin and rib tee stiffeners adjacent to the shorter
cool edge of the panels, These regions were partially constrained during heat-up by the
cooler portions of the panels and consequently were thermally upset and became stress
{rce due to creep at elevated temperatures, When the temperatures were reduced, the
material went into tension introducingthe two stress fields in the panels, One field was
parullel to the long cool heam and placed the unbeaded portion of the skin in tension,
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The other system, at right angles to the first, created tensile stresses in the skin and
wrow funged hoam of Panels #7 and #9-

ribs at the cool, short edge of the punel.. The ns

deformed plastically under the stresses, causing extensive local tensile cracking of the
silicide.coating at the outer regions of the cool, nurrow flange and permitting oxidation
of the columbium, The plastic deformation of the cool beam aided in the reduction of the
{ensile stresses along the cool longitudinal beam procluding additional sites of thermal
atress damage to the panels, Another possihility is that the cooler edge of the nariow
flanged beam did not permit as much creep deformation and thus lower stresses were

present parallel to the beam during cool down,

The wide flanged beam of Panels #1 and #3 did not deform plastically or elastically
sufficient to unload the two stress fields. The result was that the two tensile stress
fields created combined tensile stresses in tne cool. corners which produced the diagonal
corner crack. Tensile stresses along the ‘ong cool beam became sufficiently high to
cause cracking at sites normal to the cool beam. Cracking initiated in the skin to rib

welds due to a notch effcct and a slightly reduced skin cross-section crcated by the weld.

The cracking along the length of each weld was limited to that portion of the skin which
Successive thermal cycling caused the

was not beaded to accommodate thermal strains,
cracks to open and to oxidize and new ones to form,

It is reiterated that the thermal conditions of the periphernl heat shields that existed
during the Phase III test series were significantly differvent from.those predicted for
vehicle flight, All panels should perform similar to the central test panel, that is, frec
ol thermal distortion and thermal stress failures. The history of this program, both
Phases I and III, has shown that when properly isolated from the thermal abnormaities
of the test frame, no thermal/structural failures will oceur in the main heat shield.
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7 REFURBISHMENT AND REPAIR

During thermal testing, opportunities arose which permitted investigation of
refurbishment and repair of hardware fov a typical thérmal protection system, The
carliest opportunity was presented at the end of thermal Cycle 2 followed by local
damnge to the hexagonal drive socket of the post filler plug after Cycle.5. The damage
after Cycle 2 was determined to be test peculiar, arising frem an apparent incompati-

hility of the thermooouple sheathing matcrial, whrle undey pressure in the test environ- .

ment, with the silicide coating of the test hardware. The hexagonal socket damage

was considered to be a normal condition for flight hatdware resulting from mechanical
coatling damage during wrenching operations or improper edge preparation for coating.
Both cases were allowed to grow unarrested., The thérmocouple damage site was re-
paired after Cycle 21 when it had grown to 0.2-inch (0.5 cm) diameter hole, Wrench-
ing damage was left unchecked for the complete test to assess the effect of uncontrolled
oxidation on the removal of plugs.

At the conclusion of thermal Cycle 21, a damage site in the center test panel had
progressed to a point requiring coating repair, Evidence of oxidation at this site was
first noted at the end of Cycle 12. This site was at the end of a skin to beam longi-
tudinal weld where the weld bead had not been ground flush, The retainer strap, during
acoustic excitation, had impacted the weld bead causing coating damage to both the
retainer and the.weld. Subsequent thermal cyecling caused oxidation, material loss,
and a sinall hole at the weld.

The damaged center panel was disassembled from the heat shield array, as
planned for flight-hardware, by removing six post filler plugs, four post retainer bolts -
two others were only loosened, two center retainers, and two panel edge retainers.
It was moved approximately 0, 25-inch (0.64 cm) aft or downstream to clear it from its
overlayi.g forward panel, then lifted out, The forward panel and the three adjacent
panels were not disturbed nor loosened to assist disassembly.

With the center panel removed, three types of coating damage repair were attempt-
ed. The center panel was repaired under the best conditions, in-shep, One downstream
panel was removed for a field repair on-site and repairs were made to other damage
sites without hardware removal from the array-field repairs in-place. In all cases the
damage sites were prepared for repair coating by scraping and filing to remove the
oxide layers and to expose base substrate. The repair techniques used were developed
by MeDonnell Douglas - East, under Contract NAS8-26121 (Reference 12). The in-
shop damage sites to the center panel were further prepared by cleaning the areas
adjoining the sites using a 8.8, White Airbrasive Unit grit blaster and alumina powder.
Other panels and damage sites received no preparation of surtounding surfaces.
Following cleaning, a glass frit mixture of 60 w/o - 325 mesh Pyrex frit, 30 w/o - 270
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meshalumina (lame spray grade)y 10 w/o =325 mesh amorphous hovon, mixed with .-
Nicrobraze clear cementy, was applied generously to the. damage.site,

The repaired conter panel was aiv-dried and fived in a vacuum furnace to 215071
(15661° K) for 12 minutes and furnacc.cooled, . After removal, the repaived arveas
appeared evacked-and unfused, .. Investigation revealed that a vacuum atmosphere had
bheen erroncously recommended and that an air or inert gas furnace atmosphere was
the proper recommendation, It is suggested that the vapor pressure of one of the
constitueats or reactive products may have been too high at 21507 1 (1561° K) for the
vacuum atmosphere, and that this material was then lost from the mixture, raising
the melting point of the reswltant mixture, and forestalling fusing at temperature, It
was decided to reinstall the panel mto the test array since some oxidation protection
may have been accuiplished and to further repair if the meed arose,  After reinstal-
Iation the panel remained in place without further repairs for the balance of 29 thermal
and 50 acoustic test-cycles.

‘Fhe parel downstream to the center panel had one through-hole in the skin due to
thermocouple damage and several minor damage sites. These were all repaired by
filing and scraping away thHe oxidation product to clean metal or clean coating and
applying the same glass frit repair coating mixture as used on the center panel.  With
the panel removed from the array, site preparation and coating mixture could be applied
to all sides of a.damage site. A sccond panel with thermocouple damage was repaived
in the same manner but without removing the panel from the array. Only the upward
facing side of the skin damage site was available for repair preparation and coating,
The repair mixture was air dried, fired, and fused with all test hardware reassembled
in place for test, by using the heating of the next thermal cvele. In this case the repair
material fused as antieipated forming a glassy repair in and around the damage sites.

The two panels which were field repaired (one on-gite, one in-place) survived
only ten additional thermal cycles when continued oxidation to the thermocouple damage
sites indicated a need for a sccond repair: The same repair coating glass frit mixture
was used but the method of repair site preparation was changed. A \Weller Minishep
high speed (24, 000 rpm) grinder was employed to remove the oxidized and eontaminated
material without removing either panel from the test arrvay, All visual traces of the
oxide were removed using a 0,125-inch (6, 31 em) diameter abrasive wheel, The repair
material was applied as before but from one side only, and the vepair site air dried at
500° ' (533° K) while installed in the test facility, Fusing was then accomplished during
the next thermal cyele, The two repairs accomplished in this fashion protected the
material from further oxidation throughout the balance of nincteen test cyeles, Exam-
ination of these panels after 50 thermal cycles showed that the two in-place field repairs
made at Cycle 31 protected the substrate, were well-fused and glassy appearing for a
minimum distance oY 0,1-inch (0. 25 cm) concentric to the hole, on both sides of cach
pancl,
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8 CONCLUDING REMARKS

8.1 Conclusions

(1) The flight-size, fwll-scale metallic thermal protection system designed and
tested in Phase I performed most capably and proved to he not only rousuble for at
least 50 simulated reentry flights and 100 simulated boest flight eycles, but also. rugged
and durable and possessed of a high degree of damage tolerance, The heat. shicld surlace
hardware (i.o., heat shield panels and panel retadners) remained flat wnd freo of unde-
siruble distortion throughout testing, thereiy validating thermal/structural design and
analysis,

(2) Disasscembly and reassembly of individual heat shiold pancls, simulating inter- |
[light removal from flight vehicles, was demonstrated between test eyeles and at the 5
end of simulated reentry flights, Refurbishment and repair of TPS hardware was accom- |
plished, when nceded, following disassembly from the system, and with the hardware |
in-place in the TS array, Properly applied repair ceatings displayed geod life expectancy,

(3) Savings in weight and cost of the metallic TPS during Fhase IIT resulted from
design improvements to the components, Redesigning to reduce material costs by the
extended usce of electron beam welding to build up components, decreased materials costs
by 70 percent, although welding and.machining costs rose 50 percent, A net cost reduc-
tion of 21 percent under Phase II costs resulted from design and fabrication improvements
introduced into the Phase I TS,

) A major system weight improvement for Phase III over Phase II resulted from the
change to Fiberfrax H insulation to replace Dyna-Flex, Improved thermal efficiency also |
resulted from this change and potential testing preblenis with outgassing were avoided, - -

(5) Design imprevements to threaded parts were included in Phase LI hardware,
Redesigned coated columtbium filler plugs and superalloy panel retainer bolts were readily
removed by conventionul means both between test cycles and at the completion of testing,
As anticipated in design, the expenduble retainer bolts and plugs were removable with
"Easyout' tools when part damage precluded the usc of conventional tools, Removils
would be required for flight TPShardware for inspection, refurbishment, repair, and
replacement.,

(6) The reliability of TPS columbium hardware was improved in Phase OI by the use
of cxtensive mechanical edge preparation and edge weld fusing of detuil parts and subas-
semblies, replacing manual cdge preparation of assemblies prior to coating, As a result,
103 rib cap edges representing 90 feet (27,5 m) of coated edges sustained no damage when
repeatedly exposed to the full spectrum of simulated flight tests,




(V) The test Jucilities and procedures, and associated instrumentation and 1ecording
cauipment employed during Phasc [, functioned satisfuctorily in imposing and indicating
the simulated flight test environments on the test TS, An exceplion to this was the
inability of the multi-panel, thermal-mechunicul test fucilities to impose or sustain the
dessred dilferential pressure load on the test specimen during thermal testing,

8,2 Recommendations

(1) The nupiber of coaling damage sites, after flight simulation testing, at the
ends of the heat shield panels indicates a need for minor panel design modifications
o fucilitate cdge finishing and to improve producibility and coatubility of the ends,
Since mid=panel tee-members suffered no couting damage, consideration should be given
Lo designing the puncl end tee-members to a similar configuration, . e e

(2) Etlcctive locking methods are needed for threaded parts, Torquing requircments
lor the retainer holts and filler plugs require re-evaluation and correction Lo higher torque
prelowls commensurate with the materials and the fastener operating conditions, The
cointing of the thremwds hecomes part of this eonsideration due-to the tendency of the coatings
on muted thread surlaces to interdiffuse under repeated reentry heating, During Phase II,
couted filler plugs became bonded to the aluminide coated. retainer holts., In some
insianees, when these were disassembled, the filler plugs were torqued to failure, Exam-
ination showed that the aluminide coating was not diffuscd properly upon application tothe
retaines bolts, and it tended to "shell” off, crumble, and to lock the mated threads. A
revicw of other coutings and coating processces for fasteners is warranted,

(3} The number of hardware damage sties that were attributed to coating problems,
indicates u necd for continued work in the control of coating materials and formulations,
wnd in the application and distribution of coating materials on TPS hardware., The cout~
ing of interior surfaces, cspeelally small diameter interior surfaces, roguires particu-
L atiention,  Doprovements are needed for predicting the life expectuancy of coatings
and for deteeting those couting disparitics which foreshortened the proteciive function
ol coutings,  Couting non-destructive evaluation techniques should be pursued which would
enable 100 percent inspection of all couted surfaces, edges, and cnds for TPS hardware,

(i; Al bum-through clectron beam structursl welds should be followed hy a weld
pass with wlded filier material to replace the weld material displaced to form the weld
lillets, This will increase the cross-section of the welds, remove the potentind noteh,
ond inerease the weld strength,

(5) Columbium alloys selected for coated TPS hardware should possess good weld-
ability and formability in those muterial scetions contemplated for fubricuation wnd should
retain these properties after repeated unnealing and creep flattening operutions,
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@) The design of the T'PS test fixture and the edge conditions and edge pancls of the
1est specimen should be reviewed and modified to isolate < much us possible, the test
specimen from fixture edge effects,  During Phase LI thermal testing, the edge effeets
and exteeme theraal gradients existing between the test specimen and the test fixtuire
created an unnecessary number of test-peculiar conditions, damage sites, and panel
warpage, Attention should be directed to the inclusion of "heiler plate!' edge members
tor isolating the test specimen, to a hot versus cold test tixture frame, and te thermal
freedom for the fixture, such as employed during Phasce Il testing,

(7) The sheathing material for high temperature thermocouples which eontacts
silicide coated columbium during test should be compatible with the coating under all
test conditions, The usc of a buffer or barrier material for scparation of the thermo-
couple and the eouting should be considered, :

(8) Thermocouples should be located throughout the test specimen so that they indi-
cate true site temperatures, uninfluenced by artificial, test-peculiar heat shorts such as
introduced by thermocouple probes., .

(9) Al removal and reassembly tools and handling devices should be coated with
durable plastic to prevont damage Lo coated hardware,

(10) Removal of surface hardware for inspection of unexposed coated surfaces for
diunage should not be necessary before the end of the 20th flight cycle, The Phase IO
TPS hardware has shown goed damage telerance and durability, if damaged, and should.
experience no couting damage carly in the system life,
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APPENDIX A

CONVERSION OF U.S, CUSTOMARY UNITS TO SI UNITS

The International System of Units (designated S1) was adopted by the Eleventh
General Conferenee on Weights and Measures in 1960, The units and conversion
factors used in this report are taken from 6r based on- NASA SP-7012, "The Inter-
national System of Units,.Physical Constants and Conversion Factors — Revised,
1969",

The following table expresses the definitions of miscellancous units of measure as
exact numerical multiples of coherent SI units, and provides multiplying factors for
converting numbers and miscellaneous units to correspending new numbers of SI units.

The first two digits of each numerical entry represent a power of 10, An asterisk
follows each number that expresses an exact definition. For c¢xample, the entry
"-02 2,54*" expresses the fact that 1 inch = 2,54 x 10~2 meter, exactly, by definition.
Most of the definitions are extracted from National Bureau of Standards documents.
Numbers not followed by an asterisk are.only approximate representations of defini-
tions, or are the results of physical measurcments,

ALPHABETICAL LISTING

To convert from . o multiply by
atmosphere (atm) newtons/meter? (N/m?) +05  1,0133%
British thermal unit, meéan Btu)  joule (J) +03 1,056
Fahrenheit (F) kelvin (K) tx = (6/9) (t¢ + 459.867)
foot (ft) meter. (m) -01 3.048%
inch (in.) meter (m) -02 2,54*

mil meter.(m) -06  2,54*

millimeter of mercury (mm Hg) newton/meter2 (N/m?2) +02 1,333

nautical mile, U.8. m.mi.) meter (m) +03 1.852%
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APPENDIX A ~ Continued

To convert from to
pound force (Ibg) newton (N)
pound mass (Iby,) kilogram (kg)
torr newton/meter? (N/m?)

PHYSICAL QUANTITY. LISTING

Acceleration

foot/second? (ft/secz) meter/second? (m /secz)

Area
foot? (ft2) méter? g2
inch? (i-n2) meter? (mz)
inch? (in2) eentimeter? (cm?)
Density

pound mass /foot3 (pef, 1oy, /it3) k:llc::gram/me(:er3 (kg'/ma)
pound mass/inch3 (lbm/ins) l~:ilogram/meter3 (kg/ms)
pound masss/inch3 a%/tns) gram/oenttmetera (g/cmg)

Energy

British thermal unit, mean (Btu)  Jjoule (J)

Energy/Area Time
Btu/footZ second Btu/ft? sec) watt/meter2 W/m2)
Force
kilogram force (kgg) newton (N)
pound force (lbg) newton (N)

128

multiply by -

+00 4,448%

-01 4,536%

+02 1,333

"01 30 048*

"02 e 90290*

-04 6.452%*

+00 6.452

+01. 1,602

+04 2.1768 |
+01 2,768 i
+03 1,056

+04 1,135

+00 9,807*

+00 4,448*




To convert from.

foot (ft)
inch (in.)
micron

mil

mike, U.S. nautical mm.mi.)

pound mass (b,,)

atmosphere (atm)

millimeter of mercury (mm Hg)
pound/foot? (pst, 1bg/it?)
pound/trich? (pst, lbf'/}p?)

Fahrenheit (F)

foot3 ¢t3)
thchd (in3)
inch? (@nd)

APPENDIX A - Continued

to

Length

meter (m)
meter (m)
meter' )
meter (m)

meter (m)

Mass

.. dlogram (kg)

Pressure

newton/meter? (N/m?)
newton /meter2 (N /m?2)

newton/meter® (N/m?%)
newton/meter? (N/mz)

Temperature
Kelvin (K)

Volume

meters (ma)
meter3 (ma)
centimeterd (cm3, cc)

multiply b
-01 3.048%
-06 1 . 00*
"05 2 . 54*
+03 . 1,852%
-01 4.536%
+05 1,013%
+02 1,333
+01 4,788
+03 6.895

ti = (5/9) (f + 459.67)

~02 2,832*

-05 1,639%

-01 1 . 63’9
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the prefixes:
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APPENDIX A — Concluded

PREFIXES

Multiple Prefix !
10~6 micro (4) %
10-3 millt (m)

|
10-2 centi (c) i
101 deci (d) |
163 kilo (k) i
108 mega (M)
109 giga (G)

la




APPENDIX B.
ACOUSTIC TEST LATA

The data presented herein are accelerometer power spectral density plots for nine
locations in the center test region.of the nine-panel test specimen (Figure 6-5).

This data is for one test cycle at the high. (158 dB).overall sound pressure.level, All
test data were reviewed and for purposes of calculations, the data from test cycle
number 1 was used since these data displayed values which were generally. close to
the maximum, The accelerometer outputs were recorded on magnetic tape and
reduced to the form of power spectral density plots. Acoustic levels were measured
18 inches (45.7 cm) from the test specimen face, Acoustic levels were also record-
ed on magnetic tape and reduced to octave band seund pressure levels (Figure 6-40).
Since the data shows no significant shift in the recorded fundamental frequency, it
was assumed that no structural degradation of the system had occurred. Post test
disassembly_and. examination confirmed this assumption.
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APPENDKX €
RECOMMENDED TPSTF TEST PARAMETERS

The specimen described in Section 3,2 and shown in Figure 6-2 was designed for test-
ing in the NASA Langley Research Center. Thermal Protection Systcm Test Facility
('PSTF), This tuhnel is intended to provide a thermal environment at Mach 3,56 to
4.5 over a 2 by 3 ft. (61 by 91 cm) model surface. The expected maximum total ern-
thalpy (Il7) in the test gas will be 3820 Btu/lby, (8. 88 MJ /kg). This is obtained by the
combustion of methane (Cllg) with oxygen-enriched air, A schematic of the tunnel is
shown in Figurc C-1,

The recommended procedure i8 to establish supersonic air flow in tie tunnel followed
by ignition of a lcan mixture of CHq, This will provide an initial low heating rate over
the tust pancl, [Based on previous thermal flow tests on columbium alloy specimens
(References 1b and 13) the recommended maximum rate of rise is 25° F/sec, (16°K)
scey, | A schedule of required heating with time will be programmed by controlling
oxygen-enriched air mass flow and CH4 ratios. The theoretical values of these com-~
ponents with combuster total enthalpy 1s shown in Figure C-2. Presented in Figure
C-3 is the perfermance envelope of heat shield surface pressure and temperature that
is cxpected to be obtained in the tunnel, The corresponding thcoretical wall heating
rates are presented in Figures C-4, C-5, and C-6, Shear forces are obtained from
Figure C-7. Tunnel testing time will be limited by the.supply of.oxygen, airy and
methane, and the transient heating rate schedule, A low heating rate schedule will
give testing times up to 1500 secends while it will be 460 scconds at a high heating
rate schedule,

The entry history of panel surface temperature, heating rate and wall pressure desir-
cd for tunnel simulation is presented in Figure C-8, which shows a tunnel test time of
2500 seconds. It is noted that the high heating rates schedule that is required after
300 scconds will deplete the supply system very rapidly. Since the objective of the
pancl test is to simalate the high surface temperature and that only about 500 seconds
of testing will be avatlable for this test, a surface tempe rature schedule such as
presented in Figure C-9is recommended. As noted, the transient surface tempera-
ture rise and cooldown will be slightly less than 25°F/second (16° K/sec) and tunnel
{esting time within the availuble limit of 500 seconds. By staying within this 1imit it
will assure control of the panel cooldown schedule. Also, the required heating rate
and available pressure of the U'PSTF tunnel is indicated. It is noted that the panel
surface will radiate to the tunnel water-coeled wall which is expected to be at 1000° R
(556°K) during tunnel operation at the high heating rates,
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APPENDIX C - Continued
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